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A B S T R A C T
Mull s p e c t r a  o f  a number  o f  e s s e n t i a l l y  o c t a h e d r a l  
c o b a l t ( I I )  compounds were  s c a n n e d  a t  room t e m p e r a t u r e  and 
l i q u i d  n i t r o g e n  t e m p e r a t u r e  i n  t h e  r e g i o n  from 15,000 
angs t roms  t o  3 , 000  a n g s t r o m s .  The compounds were d i v i d e d  
i n t o  f i v e  g r oups  a c c o r d i n g  t o  s i m i l a r i t y  o f  s t r u c t u r e  and 
a p p e a r a n c e  o f  t h e i r  s p e c t r a .  The compounds s t u d i e d  were :  
Group I - Copy2 ( F 3A)2 , Copy2 ( c 12A) 2 , Copy2 ( Cl 3A) 2 and 
Copy (Ac) 2 *, Group I I  - Copy4 (F3A)2 , Copy4 ( Cl A)£ ,
Copy4 ( Cl 3A)2 and Coer,2 ( F 3A)2 ; Group I I I  - Copy2 ( A c ) 2 *2H20 
and Co{Ac)2 *4H20 ; Group IV - Co( a c a ) •2H2 0 and Copy2 ( a c a ) 2 ; 
Group V - C o ( q u i n o l i n e )  (M0 ) and C o ( i s o q u i n o l i n e )  (NQ„) .fc v fc U $ U
Xn A r e p r e s e n t s  h a l o a c e t a t e  a n i o n s .  The s p e c t r a  o f  t h e s e
compounds were  a n a l y z e d  by t h e  f o r ma l i s m o f  l i g a n d  f i e l d
t h e o r y .  Spin  a l l o we d  t r a n s i t i o n s  were  a s s i g n e d ,  where 
p o s s i b l e ,  f o r  a l l  compounds.  The c o m p l e x i t y  o f  t h e  s p e c t r a  
o f  t h e  compounds o f  Group I I  c o r r o b o r a t e d  e a r l i e r  e v i d e n c e  
which i n d i c a t e d  t h a t  each  o f  t h e s e  compounds c o n s i s t e d  of  
more t han  one i s o m e r .  Al l  o t h e r  compounds were  known t o  
have o r  were assumed t o  have  a t r a n s  c o n f i g u r a t i o n .  In 
Group I ,  s p l i t t i n g  of  t h e  i n f r a r e d  band ,  which in  pure  
o c t a h e d r a l  symmetry c o r r e s p o n d s  t o  a t r a n s i t i o n  from t h e  
ground s t a t e  t o  a s t a t e ,  was found on l y  in t h e
v i  i  i
s p e c t r u m o f  Copy (C1_A) . S p l i t t i n g  o f  t he  i n f r a r e d
2
^T (F) band and o f  t h e  v i s i b l e  ^T,  (P)  band was n o t e d  
2g Ig
a t  l i q u i d  n i t r o g e n  t e m p e r a t u r e  f o r  Copy„(Cl-,A) and
C *3 2
each o f  t h e  o t h e r  compounds o f  Groups I I I ,  IV and V. 
These s p l i t t i n g s  made p o s s i b l e  t h e  c a l c u l a t i o n  o f  t h e  
t e t r a g o n a l  p a r a m e t e r s  Ds and Dt.
The ma g n i t u d e  o f  Dt a l ong  wi t h  t h e  va l ue  o f  Dq 
p e r m i t t e d  t h e  c a l c u l a - . -n o f  Dqz , a p a r a m e t e r  me a s u r i n g  
t h e  s t r e n g t h  o f  t h e  l i g a n d  f i e l d  i n  t h e  a x i a l  p o s i t i o n s .  
Dqz v a l u e s  were g e n e r a l l y  n e a r  t h e  v a l u e  f o r  Dq as 
p r e d i c t e d  by t h e  s i m p l e  e m p i r i c a l  method o f  J o r g e n s e n .
i x
A. HISTORICAL - DEVELOPMENT OF LIGAND FIELD THEORY 
AND ITS APPLICATION TO OCTAHEDRAL COBALT(II)
Al t hough  t h e  i n t e r p r e t a t i o n  o f  e l e c t r o n i c  
s p e c t r a  by l i g a n d  f i e l d  t h e o r y  has been a p p l i e d  t o  
t r a n s i t i o n  me t a l  complexes  f o r  a r e l a t i v e l y  s h o r t  
p e r i o d  o f  t i m e ,  t h e  p a r e n t  t h e o r y ,  namely c r y s t a l  
f i e l d  t h e o r y ,  has a h i s t o r y  t h a t  goes  back t o  1929 
when Bethe^ d e v e l o p e d  a quantum me c h a n i c a l  approach  
t o  d e t e r m i n e  t h e  manner  i n  which a c a t i o n  i s  s u b j e c t e d  
t o  an e l e c t r i c  f i e l d  due t o  t he  l i g a n d s  s u r r o u n d i n g  
i t .  Thi s  p a p e r  paved t h e  way f o r  a l l  f u r t h e r  work i n  
t h i s  f i e l d ' .
In 1932,  Van Vleck^ a p p l i e d  t h e  t h e o r y  to t he  
m a g n e t i c  s u s c e p t i b i l i t i e s  o f  complexes  o f  t h e  f i r s t  
t r a n s i t i o n  s e r i e s  and was a b l e  t o  e x p l a i n  t h e  quench i ng  
o f  t h e  o r b i t a l  momentum and t h u s  why t h e  s u s c e p t i b i l i ­
t i e s  c o r r e s p o n d e d  t o  a " s p i n  o n l y"  v a l u e .  Pa pe r s  by
1.  H. B e t h e ,  Ann. Phys i k , 3̂ , 1 33 ( 1929) .
2.  J . H .  Van Vl eck ,  "Theory o f  Magne t i c  and 
E l e c t r i c  S u s c e p t i b i l i t i e s " ,  Oxford U n i v e r s i t y  P r e s s ,  
Oxford and New York ( 1 9 3 2 ) .
3 4S c h l a p p  and Penney and. J o r d a h l  c o n f i r m e d  t h e  b a s i c
i d e a  o f  t h e  c r y s t a l  f i e l d  a p p r o a c h ,  which i s  t h a t  t h e
d e g e n e r a c y  o f  t h e  e l e c t r o n i c  l e v e l s  o f  a g a s e o u s  me t a l
atom i s  r e d u c e d  by a c r y s t a l  f i e l d .
R e l a t i v e l y  few p a p e r s  were  p u b l i s h e d  c o n c e r n i n g  
i n t e r p r e t a t i o n  o f  s p e c t r a  o f  t r a n s i t i o n  m e t a l s  by 
c r y s t a l  f i e l d  me t hods  u n t i l  t h e  e a r l y  1 9 5 0 ' s  when,  
due t o  t h e  d e v e l o p m e n t  o f  t h e  s p e c t r o p h o t o m e t e r  and of  
t h e  p a r a m a g n e t i c  r e s o n a n c e  t e c h n i q u e ,  d e t a i l e d  e x p e r i ­
men t a l  e v i d e n c e  was a v a i l a b l e  t o  which t h e  t h e o r y  
c o u l d  be a p p l i e d .  With t h e s e  new t o o l s  a v a i l a b l e ,  an 
i n c r e a s i n g  number  o f  r e s e a r c h e r s  t u r n e d  t h e i r  a t t e n t i o n  
to  c r y s t a l  f i e l d  me t hods  and more r e c e n t l y  t o  t h e  methods  
o f  t h e  more g e n e r a l  l i g a n d  f i e l d  a p p r o a c h ,  r e s u l t i n g  in  
a g r e a t  number  o f  p a p e r s  b e i n g  p u b l i s h e d  d e a l i n g  w i t h  t h e  
e x p e r i m e n t a l  and t h e o r e t i c a l  c o n s e q u e n c e s  o f  t h e  t h e o r y .
S i n c e  t h e  p r e s e n t  work d e a l s  w i t h  o c t a h e d r a l  and 
t e t r a g o n a l l y  d i s t o r t e d  o c t a h e d r a l  compl exes  o f  c o b a l t -  
( I I ) ,  a r ev i ew o f  t h e  more i m p o r t a n t  p a p e r s  which dea l  
w i t h  t h e s e  t y p e s  o f  compounds w i l l  be g i v e n  h e r e .
3.  R. S c h l a p p  and W.G. P e n n e y ,  Phys .  R e v . ,  4 2 ,  
665 ( 1 9 3 2 ) .
4.  0.  J o r d a h l ,  P h y s . R e v . , 45 , 87 ( 1 9 3 4 ) .
In p e r h a p s  t h e  f i r s t  a t t e m p t  to app l y  l i g a n d  f i e l d
t h e o r y  t o  t h e  e l e c t r o n i c  s p e c t r a  o f  compounds o f
c o b a l t ( I I ) ,  B a l l h a u s e n  and J o r g e n s e n ^  i n  1955 d i s c u s s e d
t h e  s p e c t r a  o f  Coen^+ , Co( H_0 ) and Co( NH_ ) i nJ C 0 J o
aqueous  s o l u t i o n .  Al l  t h e s e  compounds have e s s e n t i a l l y
o c t a h e d r a l  symmet ry .  However ,  as t he  a u t h o r s  p o i n t  o u t ,
due t o  J a h n - T e l l e r  e f f e c t s  t he  o c t a h e d r a l  mo l e c u l e  must
d i s t o r t  t o  one wi t h  t e t r a g o n a l  o r  wi t h  rhombic  s t r u c t u r e .
The s t r o n g e s t  a b s o r p t i o n  band i n  t h e  v i s i b l e  r e g i o n  f o r
t h e  above t h r e e  compounds i s  s p l i t  i n t o  a t  l e a s t  two
ba nds .  For  an o c t a h e d r a l  compl ex ,  t h i s  a b s o r p t i o n  b and ,
which i s  due t o  t r a n s i t i o n  from t h e  g r ound  s t a t e  t o  a
4T ^ ( P )  s t a t e ,  s h o u l d  show no s t r u c t u r e .  The s p l i t t i n g
i s  a t t r i b u t e d  t o  new s t a t e s  ( 4A„ and 4 E ) which a r i s e
2g g
when t h e  o c t a h e d r o n  i s  t e t r a g o n a l l y  d i s t o r t e d .  Thi s  
f a c t  i s  s u p p o r t e d  by t h e  s p l i t t i n g  found i n  o t h e r  
c o b a l t  m o l e c u l e s  which a r e  known t o  have t e t r a g o n a l  
symmet ry.  The o t h e r  t r a n s i t i o n s  t o  t h e  q u a r t e t  s t a t e s  
f o r  t h e  t h r e e  compounds were  c a l c u l a t e d ,  and t h e s e  v a l u e s  
were in  good a g r ee men t  w i t h  t h e  e x p e r i m e n t a l  r e s u l t s .
5.  C . J .  B a l l h a u s e n  and C.K. J o r g e n s e n ,  Acta  Chem. 
S c a n d . , 9 ,  397 ( 1 9 5 5 ) .
g
In 1957,  Holmes and McClure made a s t u d y  o f  t he  
s p e c t r a  o f  t h e  h y d r a t e s  o f  i o n s  o f  t h e  f i r s t  t r a n s i t i o n  
s e r i e s  in  o r d e r  t o  d e t e r m i n e  Dq v a l u e s ,  t o  d e t e r m i n e  
t h e  mechanism o f  t h e  t r a n s i t i o n s  by t e m p e r a t u r e  de pe nd­
ence  s t u d i e s ,  and to d e t e r m i n e  t h e  e f f e c t s  o f  n o n c u b l c  
component s  o f  t h e  c r y s t a l  f i e l d  on t h e  s p e c t r a .  In 
t h e i r  a n a l y s i s  o f  CoS0^*7H20 ,  t h e y  c o n c l u d e d  t h a t  t h e  
s p l i t t i n g  o f  t h e  main v i s i b l e  band a t  low t e m p e r a t u r e
was due to  t h e  a p p r e c i a b l e  rhombic  c h a r a c t e r  o f  t h e
2+
f i e l d  a t  t h e  Co i o n ,  and t h a t  s p i n - o r b i t  c o u p l i n g  was
n o t  s t r o n g  enough t o  have caused  t h e  o b s e r v e d  s e p a r a t i o n
o f  p e a k s .  The f o u r  component s  o f  t h e  b r o a d  v i s i b l e  band
were t h u s  a t t r i b u t e d  t o  t h e  t h r e e  component s  o f  t h e
4 T, (P) in a rhombic  f i e l d  and t o  t he  ^A„ (F) t r a n s i t i o n s ,  
i g dg
Ko s t r u c t u r e  was o b s e r v e d  in  t he  i n f r a r e d  band ,  which 
c o r r e s p o n d s  t o  a t r a n s i t i o n  t o  a 4T2g ( F} s t a t e  i n  an 
o c t a h e d r a l  f i e l d .  A Dq v a l u e  o f  a p p r o x i m a t e l y  1 , 000  cm“  ̂
was a s s i g n e d  t o  CoSO^^HgO.
In 1958 ,  Low^ r e p o r t e d  on t h e  p a r a m a g n e t i c  and 
o p t i c a l  s p e c t r a  o f  d i v a l e n t  c o b a l t  i n  MgO s i n g l e  
c r y s t a l s .  Th i s  e n v i r o n m e n t ,  o f  c o u r s e ,  g i v e s  t h e
6.  O.G. Holmes and D.S.  McCl ure ,  J .  Chem. P h y s . ,  
2 6 ,  1686 ( 1 9 5 7 ) .
7.  W. Low, Phys .  R e v . , 1C9, 256 (1 95 8 ) .
5
c o b a l t  an o c t a h e d r a l  symmet ry .  By r e d u c i n g  t he  
p a r a m e t e r s  B and C by 8-10% from t h e  f r e e  i on  v a l ue  
and us i n g  a Dq v a l u e  o f  960 c m " \  good a g r ee men t  i s  
o b t a i n e d  be t ween  t h e  o b s e r v e d  s p e c t r u m and t h e o r y .
The a u t h o r  c o n c l u d e s  t h a t  bo t h  t he  o p t i c a l  and 
p a r a m a g n e t i c  r e s u l t s  i n d i c a t e  c o v a l e n t  b o n d i n g .  No 
d i s t o r t i o n  f rom o c t a h e d r a l  symmetry was f ound .  I t  
was t h e r e f o r e  c o n c l u d e d  t h a t  t h e  p r e d i c t e d  s t a t i c  
J a h n - T e l l e r  d i s t o r t i o n  mus t  n e c e s s a r i l y  be s m a l l .
The o p t i c a l  s p e c t r a  o f  CoCl2 *6H2 0 and 
CoBr2 *6H2 0 a t  room t e m p e r a t u r e ,  90°K and 20°K,  were
g
s t u d i e d  by R. P a p p a l a r d o  and t h e  e x p e r i m e n t a l  r e s u l t s  
i n t e r p r e t e d  by l i g a n d  f i e l d  t h e o r y .  Both q u a r t e t  
and d o u b l e t  t r a n s i t i o n s  were  a s s i g n e d  and t e rm i n t e r ­
a c t i o n s  were c a l c u l a t e d .  Al t hough  n e i t h e r  s p i n - o r b i t  
c o u p l i n g  n o r  f i e l d  d i s t o r t i o n  were t a k e n  i n t o  a c c o u n t ,  
s a t i s f a c t o r y  a g r ee men t  was o b t a i n e d  f o r  t h e  o b s e r v e d
t r a n s i t i o n s  and f o r  t h e i r  p r e d i c t e d  i n t e n s i t i e s ,  
g
Kiode e x t e n d e d  t h e  l i g a n d  f i e l d  t r e a t m e n t  o f  
c o b a l t o u s  h y d r a t e s  t o  t a k e  i n t o  a c c o u n t  s p i n - o r b i t
8.  R. P a p p a l a r d o ,  Phi  1.  Nag.  , 4 ,  21 9 ( 1 959) .
9.  S.  Ki ode ,  P h i l . Ma g . , 4 ,  243 ( 1 9 5 9 ) .
c o u p l i n g  as a p p l i e d  t o  t h e  main bands o f  t h e  s p e c t r a .
The T j g ( P )  l e v e l  i s  s p l i t  i n t o  t h r e e  s t a t e s  by t h i s  
t r e a t m e n t .  Al though o n l y  two such t r a n s i t i o n s  a r e  
u s u a l l y  found in  t h e  s p e c t r a  o f  h y d r a t e d  c o b a l t o u s  
s a l t s ,  t h e  a u t h o r  shows t h a t  f o r  CoBr *6H 0 t h e
b b
p r e d i c t e d  p o s i t i o n s  o f  a l l  t h r e e  t r a n s i t i o n s  f a l l  
w i t h i n  t h e  en e r g y  r ange  o f  t h e s e  two b a n d s .  A f a i r l y  
good a g r ee men t  between t h e  p r e d i c t e d  o v e r a l l  o s c i l -
A
l a t o r  s t r e n g t h  o f  t h e  T ^ { P )  band and t h e  e x p e r i m e n t a l  
v a l u e  was o b t a i n e d .
The o p t i c a l  a b s o r p t i o n  s p e c t r a  o f  s e v e r a l  Co-doped 
o x i d e  c r y s t a l s  were o b t a i n e d  and t h e  r e s u l t s  i n t e r p r e t e d  
us i n g  c r y s t a l  f i e l d  t h e o r y  by P a p p a l a r d o  e t  a l . ^
The o c t a h e d r a l  s ys t em i n v e s t i g a t e d  was Co( 1 1 ) in MgO. 
More f i n e  s t r u c t u r e  in t h e  i n f r a r e d  r e g i o n  was found 
t h a n  had been n o t e d  by Low.^ A s p i n - o r b i t  c o u p l i n g  
t r e a t m e n t  was a p p l i e d  t o  t h e  i n t e r p r e t a t i o n  o f  t he  
s p e c t r a .  F a i r l y  good a g r e e me n t  was o b t a i n e d  in t h e  
p r e d i c t i o n  o f  t h e  main bands  in  t h e  i n f r a r e d  r e g i o n ,  b u t  
t h e  s t r u c t u r e  w i t h i n  t h e  bands  c o u l d  n o t  be e x p l a i n e d  by 
t h e i r  f i r s t  o r d e r  t r e a t m e n t .  A number  o f  p o s s i b i l i t i e s  
were o f f e r e d  to  e x p l a i n  t h e  s t r u c t u r e ,  i n c l u d i n g  s l i g h t  
d i s t o r t i o n  from c u b i c  symmet ry .
10.  R. P a p p a l a r d o ,  D.L.  Wood and C.R.  L i n a r e s ,  
d r . ,  0.  Chem. P h y s . , 35 , 2041 (1961 ) .
The v i s i b l e  c r y s t a l  s p e c t r a  o f  two compounds,
Copy^Cl^ and CoClg’ OH^O, which have d i s t o r t e d
o c t a h e d r a l  symmet ry ,  were i n v e s t i g a t e d  by F e r g u s o n ^
a t  room t e m p e r a t u r e  and a t  77°K.  A c r y s t a l  s t r u c t u r e
12d e t e r m i n a t i o n  by Mizuno e £  aK_ showed t h e  b a s i c
o c t a h e d r a l  u n i t  f o r  CoC12 *6H20 t o  be CoCl2 ( H2 0)
2+ 3and n o t  C o f ^ O ) ^  , as had been assumed by P a p p a l a r d o  .
A good i n t e r p r e t a t i o n  o f  t h e  s p e c t r u m  o f  Copy^ C^  was 
o b t a i n e d  by c o n s i d e r i n g  o n l y  t h e  l i g a n d s  in  t h e  p r i ma r y  
c o o r d i n a t i o n  s p h e r e .  A s u c c e s s f u l  a n a l y s i s  o f  t he  
s p e c t r u m o f  CoCl^'bi-^O was a c h i e v e d  o n l y  a f t e r  c o n s i d e r ­
ing t h e  i n t e r a c t i o n  be t ween  t h e  c o b a l t  i on and t he  
c h l o r i d e  i ons  on n e x t  n e a r e s t  n e i g h b o r  complexes  in 
a d d i t i o n  t o  t h e  l i g a n d s  in p r i ma r y  c o o r d i n a t i o n  s p h e r e .
Room t e m p e r a t u r e  s o l u t i o n  s p e c t r a  o f  o c t a h e d r a l  
Co^+ , Ni^+ and Cr^+ complexed wi t h  H^O, d i met hyl  
s u l f o x i d e ,  t e t r a m e t h y 1ene  s u l f o x i d e  and p y r i d i n e
1 3i ' i -oxide were i n v e s t i g a t e d  by Meek,  Drago and P i p e r .
11.  J .  F e r g u s o n ,  J .  Cham. P h y s . , 32 , 533 ( 1 9 6 0 ) .
12.  J .  Mizuno,  K. Ukei and T. Sugawar a ,  P h y s . 
Soc.  J a p a n , 14 , 383 ( 1 9 5 9 ) .
13.  D.U. Meek,  R.S.  Drago,  and T . S .  P i p e r ,  I n o r g .  
Chem. , 1 , 285 (1 962) .
S p e c t r o c h e m i c a l  and n e p h e l a u x e t i c  s e r i e s  were deduced 
from t h i s  s t u d y .  The a u t h o r s  had d i f f i c u l t y  i n  f i t t i n g  
the  s p e c t r a  o f  t h e  c o b a l t  compounds t o  t h e o r y .  They 
s t a t e  t h a t  t h e  d e v i a t i o n  f rom s i m p l e  t h e o r y  may be due
to s p i n - o r b i t  c o u p l i n g  o r  J a h n - T e l l e r  d i s t o r t i o n .
14Ferguson e_t a l . i n t e r p r e t e d  t h e  s p e c t r a  o f  
c r y s t a l l i n e  CoCl^,  CoBr^,  KCoF-j a n d CoVlO^. The f i r s t  
t h r e e  o f  t h e s e  compounds have o c t a h e d r a l  o r  s l i g h t l y  
d i s t o r t e d  o c t a h e d r a l  symmet ry .  CoWÔ  was c o n s i d e r e d  
on l y  s u p e r f i c i a l l y  b e c a u s e  o f  i t s  low symmet ry .  Pr ime 
c o n s i d e r a t i o n  was g i v e n  t o  t h e  o b s e r v a t i o n  o f  t h e  
d o u b l e t  s t a t e s  and a s s i g n m e n t s  a r e  d i s c u s s e d  in r e l a ­
t i o n  t o  a f o u r  p a r a m e t e r  c r y s t a l  f i e l d  t h e o r y .  Whi le  
f a i r l y  good c o r r e l a t i o n  was found f o r  t h e  p r e d i c t e d  
bands  o f  KCoF , t h e  t h e o r y  as a p p l i e d  t o  CoBr and 
CoCl2 d i d  n o t  c o r r e s p o n d  we l l  t o  e x p e r i m e n t a l  
v a l u e s  o b t a i n e d .
1 5P r a t t  and Coelno i n t e r p r e t e d  t h e  s p e c t r u m 
of  c r y s t a l l i n e  CoO us i n g  t n e  s t r o n g - f i e l d  t h e o r y  of  
Tanabe and Sugano.  CoO i s  t e t r a g o n a l l y  d i s t o r t e d ,  
and t h e  a u t h o r s  c a l c u l a t e d  t n e  s p l i t t i n g  o f  t h e  v i s i b l e
14.  J .  F e r q o s o n ,  O.L.  Wood, and K. Knox,  J .  Chem. 
Phys-. , 3£,  381 ( 1 9 6 3 ) .
15.  6.W. P r a t t ,  J r .  and R. Coe l ho ,  Phys .  R s v . , 1 1 5 , 
281 ( 1959) ,
and i n f r a r e d  bands  due t o  t h i s  d i s t o r t i o n .  The
s p l i t t i n g  o f  t h e  i n f r a r e d  (F) band was c a l c u l a t e d
- i  9t o  be 860 cm w h i l e  t h e  o b s e r v e d  s p l i t t i n g  was
1 ,080 cm*'*. For  t h e  v i s i b l e  ^T,  (P)  band ,  t h e  o b s e r v e d
i  9s p l i t t i n g  was 530 cnf"'  as compared wi t h  a c a l c u l a t e d  
v a l u e  o f  490 cm~^.
In 1963,  L i e h r ^  c a l c u l a t e d  t h e  t h e o r e t i c a l  ene r gy
3 7l e v e l  d i a g r a ms  f o r  t e t r a h e d r a l  and o c t a h e d r a l  d and d
s y s t e ms  u s i n g  f i x e d  v a l u e s  f o r  t h e  t h r e e  p a r a m e t e r s  3 ,
C and c.  ( These  a r e  t h e  Racah p a r a m e t e r s  and s p i n - o r b i t
c o u p l i n g  c o n s t a n t ,  r e s p e c t i v e l y . )  He a p p l i e d  h i s  r e s u l t s
t o  a number  o f  e x p e r i m e n t a l  s i t u a t i o n s .  From t h i s  s t u d y
he has  a r r i v e d  a t  some i n t e r e s t i n g  c o n c l u s i o n s :  1) The
e l e m e n t a r y  c o n c e p t i o n  o f  n e p h e l a u x e t i c  d i s p l a c e m e n t  and
s p e c t r o c h e m i c a l  change  i s  o f  s t r i c t l y  r e s t r i c t e d  u t i l i t y
i n  c r y s t a l l i n e  me d i a .  2) I ons  and m o l e c u l e s  i n  t h e
s e c o n d a r y  c o o r d i n a t i o n  s p h e r e  a r e  a t  t i me s  d e c i s i v e  i n
d e t e r m i n i n g  t h e  va l ue  o f  Dq.
The n e a r - i n f r a r e d  f l u o r e s c e n c e  s p e c t r u m  o f  Co(XI)
in  HgO a t  77°K,  18°K and 5°K was r e p o r t e d  by Ralph and 
1 7Townsend in 1968.  Thi s  was compared wi t h  t h e  a b s o r p t i o n
16.  A. D. L i e h r ,  J .  Phys .  Chem. , 67_, 131 4 ( 1 9 6 3 ) .
17.  J . E .  Ralph and M.G. Townsend,  J .  Chem. P h y s . ,  
48 ,  149 ( 1 9 6 8 ) .
s p e c t r u m 1n o r d e r  t o  a s s i g n  t h e  t r a n s i t i o n s .  I t  was 
c o n c l u d e d  t h a t  t h e  s h a r p  peaks  in t h e  i n f r a r e d  which 
P a p p a l a r d o  e_t a l . ^  t h o u g h t  t o  be due to  s p i n - o r b i t  
c o u p l i n g  were in f a c t  v i b r a t i o n a l  s i d e b a n d s  o f  t h e  
main peak .  The weak a b s o r p t i o n  l i n e  a t  8 , 045  cm“  ̂
was a s s i g n e d  t o  a s p i n  f o r b i d d e n  t r a n s i t i o n  t o  a
p
E (6)  s t a t e ,  and t h e  t r a n s i t i o n s  t o  t h e  s t a t e s  a r i s i n g
 ̂ 4
from t he  T2 g (F)  t r a n s i t i o n  were  a l s o  a s s i g n e d .  I t  was
n o t e d  t h a t  t h e  s p l i t t i n g  o f  t h e  (F) t e rm i s  no t
2g
r e a d i l y  e x p l a i n e d  i n  t e r ms  o f  c o n v e n t i o n a l  c r y s t a l  
f i e l d  t h e o r y ,  and a p o s s i b l e  e x p l a n a t i o n  p r o p o s ed  was 
a dynamica l  J a h n - T e l l e r  e f f e c t .
C. THEORY FOR COBALT( I I )  IN AN OCTAHEDRAL FIELD
In o r d e r  t o  u n d e r s t a n d  t h e  e l e c t r o n  s p e c t r u m o f
an o c t a h e d r a l  c o b a l t ( I I )  complex ,  some knowledge o f
2 +t h e  s t r u c t u r e  o f  t h e  Co ion and t h e  way i n  which i t  
i s  p e r t u r b e d  i n  an o c t a h e d r a l  f i e l d  i s  n e c e s s a r y .  A 
summary o f  t h e  t h e o r y  p e r t a i n i n g  t o  C o ( I I )  i s  g i ven  
i n  t h e  f o l l o w i n g  p a g e s .
C o b a l t ( I I )  i s  a d^ s y s t e m ,  and t he  t e rms  f o r  t h e  
f r e e  ion may be o b t a i n e d  in  t h e  f o l l o w i n g  manner .  Sy 
a p p l y i n g  t he  “h o l e  f o rmal i sm* ' ,  which s t a t e s  t h a t  a 
^10-n s y s tern w i l l  behave l i k e  a dn sys t em e x c e p t  t h a t  
t he  e n e r g i e s  o f  i n t e r a c t i o n  w i l l  be r e v e r s e d ,  t h e
q
c o b a l t ( I I )  i on  may be t r e a t e d  as a a s y s t e m.  The 
a n g u l a r  momentum quantum number  I f o r  a e l e c t r o n s  i s  
2;  t h i s  means t h e  quantum number  m can t a k e  t h e  v a l u e s  
2 ,  1,  0 ,  - 1 ,  - 2 .  The s p i n  quantum number ,  s ,  i s  o f  
c o u r s e  e i t h e r  +1/2  o r  - 1 / 2 .  Tab l e  I i l l u s t r a t e s  a l l  
t h e  p o s s i b l e  c o m b i n a t i o n s  o f  s p i n  and m a g n e t i c  quantum 
numbers  a l l o we d  by t h e  P a u l i  e x c l u s i o n  p r i n c i p l e  f o r  
t h r e e  e l e c t r o n s  in a 3d s u b s h e l l .  These c o mb i n a t i o n s  
a r e  c a l l e d  m i c r o s t a t e s .  M i s  equa l  t o  t h e  t o t a l  s p i n  
o f  t he  t h r e e  e l e c t r o n s  and i s  equal  t o  t h e  sum o f  









RUSSELL-SAUNDERS COUPLING SCHEME FOR d3 OR d 7 SYSTEM
(2+l V )
( 2+l +- l +)
1 (2+- l +0+ ) ( 2 +l +- 2+ )
( 2+0+- 2 +) ( l +0+- l + )
1 / 2
( 2+2 ” l + )
(2V o +)(2+l V )
( 2+ l +Q ~ ) ( 2 1 +0+ )
( 2+r o +) ( 2 +2"- l  + ) 
(2+0+0 " ) ( l  V o +) 
( 2+r - l  + ) ( 2 ' l +- l  + )
(2+l +- l )  
( 2+0 ~ - l + ) (2~0+- l + ) 
( 2+0+- l " ) ( 2 ~ l +- 2 + ) 
(2+ l ” - 2 + ) ( 2 +l +- 2 )
( i V o +) 
{ 2 +0+ - 2 " ) { 2 +0 " - 2 + ) 
( 2 " 0 +- 2 + ) ( l +0+- D  
(1 +o " - i + ) ( 1 ~0+ - l + )
(2+- r - i + )
- 1 / 2
(2+2 V )
( 2 2 0 } 
(2 ~1~0+ ) 




( 2 ' 0+- r
{2 " o " - l + 
( 2 1 ~ - 2 +  
(1~ 
( 2 ~ 0 ~ - 2 + 
( 2 + 0 ~ - 2 ~  
o V - r
2 1 ~ 1+ ) 
2_l V )
2 ' 2 + - l ‘ )
i + r o - )
(2~1” - l + )
+- D
uV-n
(2+r - 2 - )
(2"l+-2‘ )
•o+)
( 2 _0 + - 2 ~)
( 1 " 0 " - 1 + )
( l +0 " - l " )
The t a b l e  r e p e a t s  i t s e l f  f o r  n e g a t i v e  va l ues  o f  li. . 
S u p e r s c r i p t s :  + equa l s  sp i n  o f  +1/2
- equa l s  s p i n  o f  - 1 / 2
( 2 ' - r - r )
- 3 /2
( 2 ' 1  o’ )
( 2 T - D
( 2 " 0 ' - D ( 2 " l
( 2 ' 0  - 2 ' ) ( r o '
In t h e  Russel  1 - S a u n d e r s  o r  L-S c o u p l i n g  s cheme ,  
a quantum number ,  L, i s  employed t o  d e n o t e  t h e  t o t a l  
o r b i t a l  a n g u l a r  momentum o f  t h e  e l e c t r o n s ,  and a quantum 
number ,  S ,  i s  used t o  d e n o t e  t h e  t o t a l  s p i n  a n g u l a r  
momentum. Thi s  scheme i s  a n a l o g o u s  t o  t h e  one used 
f o r  s i n g l e  e l e c t r o n s .  C a p i t a l  l e t t e r s  a r e  used t o  
d e n o t e  t h e  t o t a l  o r b i t a l  a n g u l a r  momentum as f o l l o w s :
L 0 1 2 3 4 5 c •  •  •
Term Symbol S P D F G H I- ■ ■
The quantum number ,  S,  i s  d e n o t e d  by a number ,  as in
t h e  ca s e  f o r  t h e  s i n g l e  e l e c t r o n .  A Russe l  1- S a u n d e r s '
2S+1t e r m i s  w r i t t e n  in s h o r t h a n d  n o t a t i o n  as L.
For  each L t e r m ,  can t a k e  t h e  v a l u e s  o f  L, L - l , *  
-L+l  , -L.  S i m i l a r l y  M can t a k e  t h e  v a l u e s  o f  S ,  $ - ! , ■ •  
- S + l , - S .  At t h e  t op  o f  t h e  c h a r t  i s  t h e  m i c r o s t a t e  
( 2 + , 2~,  1+ ) .  Thi s  can be c o n s i d e r e d  t h e  p a r e n t  t o  t h e  
H t e r m.  S i n c e  can va ry  in t h i s  ca s e  f rom +5 t o  - 5 ,  
and M can be +1/2  o r  - 1 / 2 ,  one m i c r o s t a t e  i s  removed 
from each box unde r  t h e  columns o f  * * 1 / 2 ,  The 
p r o c e d u r e  i s  t he n  r e p e a t e d  t o  o b t a i n  t h e  o t h e r  t e rms  o f  
t h e  d^ s y s t e m.
The wave f u n c t i o n s  o f  a f r e e  i on  t e rm a r e  composed 
of  c o m b i n a t i o n s  o f  t h e  wave f u n c t i o n s  o f  t h e  d e l e c t r o n s
1 4
t h a t  p r oduce  t h e  p a r t i c u l a r  t e r m.  By i n t e g r a t i n g  t h e
o *e x p r e s s i o n  /s '  H ? dx t h e  e n e r g i e s  o f  t h e  v a r i o u s  t e rms9 a
can be a t t a i n e d ,  where  H° i s  t h e  H a m i l t o n i a n  o p e r a t o r
f o r  t h e  f r e e  i o n ,  s»a i s  a wave f u n c t i o n  o f  t h e  f r e e
i on  t e r m ,  and d t  i n d i c a t e s  t h a t  t h e  i n t e g r a t i o n  1s
c a r r i e d  o u t  o v e r  a l l  s p a c e .  The o r d e r  o f  i n c r e a s i n g
4 4e n e r g y  f o r  t h e  t e r ms  o f  Co ( 11 > i s  found t o  be F,  P,
2G, 2H, 2P,  2 F, and 2 D.
I t  can be shown t h a t  t h e s e  t e r ms  w i l l  be f u r t h e r  
s p l i t  when an o c t a h e d r o n  o f  i d e n t i c a l  c h a r g e s  i s  p l a c e d  
a r ound  t h e  i o n ,  t h e  i on  i t s e l f  be i ng  a t  t h e  c e n t e r  o f  
t h e  o c t a h e d r o n .  These c h a r g e s  may be in t h e  form o f  
i o n i c  c h a r g e s ,' d i p o l e  moments o f  u n c h a r g e d  l i g a n d s ,  e t c .  
When t h i s  p e r t u r b i n g  i n f l u e n c e  i s  smal l  i n  compar i son  
t o  t h e  r e p u l s i o n s  o f  t h e  e l e c t r o n s  in  t h e  a t om,  t h e  
i on i s  s a i d  t o  be i n  a "weak c r y s t a l i n e  f i e l d " .  Th i s  
s p l i t t i n g  o f  t h e  t e rms  o f  d 7 r e l e v a n t  to  t h i s  work i s  
i l l u s t r a t e d  in  F i g u r e  I i n  t h e  column l a b e l e d  Case B.
The symbol s  used t o  d e n o t e  t h e  s t a t e s  a r i s i n g  f rom t he  
f r e e  i on  t e rms  a r e  t h e  same as symbol s  f o r  t h e  r e p r e ­
s e n t a t i o n  i n  t h e  0^ p o i n t  group by which t h e  wave 
f u n c t i o n s  o f  t h e  p a r t i c u l a r  s t a t e s  t r a n s f o r m .  The 
s u p e r s c r i p t  i s  t h e  s p i n  d e g e n e r a c y ,  i . e . ,  2S+1.
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FIGURE I
Energy scheme f o r  o c t a h e d r a l  3d7 sys t em d e r i v e d  from 
weak f i e l d  appr oac h  ( s p i n  a l l o we d  t r a n s i t i o n s )
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The e n e r g y  d i f f e r e n c e s  be t ween  t h e  s t a t e s  a r e  
g i v e n  in  t e r ms  o f  B and Dq, where  B i s  t h e  s o - c a l l e d  
Racah p a r a m e t e r  which m e a s u r e s  t h e  i n t e r e l e c t r o n i c  
r e p u l s i o n  be t ween  t e r ms  o f  t h e  same s p i n  d e g e n e r a c y  
and Dq i s  t he  f a m i l i a r  c r y s t a l  f i e l d  s p l i t t i n g  p a r a m e t e r  
which  m e a s u r e s  t h e  e n e r g y  s e p a r a t i o n  o f  d o r b i t a l s .
The t r e a t m e n t  j u s t  p r e s e n t e d  does  n o t  t a k e  i n t o  
c o n s i d e r a t i o n  t h e  f a c t  t h a t  two s t a t e s  o f  t h e  same 
symmet ry and s p i n  d e g e n e r a c y  w i l l  i n t e r a c t  w i t h  one 
a n o t h e r  i n  s u c h  a manner  as  t o  d e c r e a s e  t h e  e n e r g y  o f  
t h e  l o w e r - l y i n g  s t a t e  and i n c r e a s e  t h e  e n e r g y  o f  t h e  
h i g h e r  s t a t e .  In o u r  c a s e  t h e  T ^ ( F )  g r ound  l e v e l  
s t a t e  would be l o we r e d  i n  e n e r g y  w h i l e  t h e  e n e r g y  o f  
t h e  T ^ ( P )  s t a t e  would be r a i s e d .  In o r d e r  t o  c a l c u ­
l a t e  t h i s  i n t e r a c t i o n  e n e r g y ,  t h e  wave f u n c t i o n s  f o r
t h e  s t a t e s  mus t  be known.  To s i m p l i f y  t h e  c a l c u l a t i o n s ,
3
t h e  wave f u n c t i o n s  o f  a d s y s t e m w i l l  be used  and a l l  
e n e r g i e s  o f  i n t e r a c t i o n  w i l l  be r e v e r s e d  in  s i g n ;  t h a t  
i s ,  t h e  " h o l e  f o r m a l i s m "  w i l l  be empl oyed .
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Wave f u n c t i o n s  o f  t h e  o c t a h e d r a l  s t a t e s  a r i s i n g  
f rom a t e rm o f  a d^ s y s t e m a r e :
4Vf)
4Vf)
ms + m*  * . 3
/ W S  f  . + /5JB
- 1 3
/ 5 7 S  Y 1 -  /37U V3
/£T/8 Y. -  /T /~E  ¥
* -3
1 / / 7  ( * 2 + ¥ )
A (F)  [ 1 / / 7  ( » 2 -  »_2 ) ]
*3 * ( 2 , 1 , 0 )
¥.
¥
’ ( 2 . 1 . - 1 )
} =■ / 3 7 5  ( 2 ,  0 ,  - 1 )  + m* ( 2 ,  1,  - 2)
¥q -  /T7T ( 1 ,  0 ,  - 1 )  + m s  ( 2 .  0 ,  - 2 )
¥_j ■ ms { 2 ,  - i ,  - 2)  + ms ( 1 , 0 ,  - 2)
'"-2 ■
-3
( 1 . - 1 , - 2 ) 
( 0 , - 1 , - 2 )
+2 t h r o u g h  -2 r e p r e s e n t  t he  wave f u n c t i o n s  f o r
t he  pur e  d o r b i t a l s  w i t h  m̂  v a l u e s  from 2 t o  - 2 .
18.  D. Ogden,  Ph.D.  D i s s e r t a t i o n ,  V i c t o r i a  U n i v e r ­
s i t y  o f  M a n c h e s t e r ,  ‘En g l a n d ,  1 966.
0 « d ■ R 
0 3 _ ( 5 / S ) 1 / 2 ( 3 c ° s 2 e - l )  • ( 2 < r ) ' 1 / 2
*1 -  ■ Rj  2 ( 1 5 / 4 ) W 2 s i na  c o s e  ' ( 2 i r ) ’ ^ 2 e*^®
2 t *i e  r a d1a 1 d i s t r i b u t i o n  f u n c t i o n  f o r  t h e  
d o r b i t a l s  and i s  t h e  same f o r  e a c h  3d o r b i t a l .  The 
a n g l e s  e and « a r e  t h o s e  commonly empl oyed  i n  t h e  
s p h e r i c a l  p o l a r  c o o r d i n a t e  s y s t e m  and d e f i n e  a n g u l a r  
p o s i t i o n s  o f  t h e  e l e c t r o n  o r b i t a l s .
The s p l i t t i n g  o f  t h e  f r e e  i on  t e r ms  due t o  t h e  
o c t a h e d r a l  e n v i r o n m e n t  can be c a l c u l a t e d  f o r  a s t a t e  
r e p r e s e n t e d  by t h e  wave f u n c t i o n  ¥ by s o l v i n g  t h e
Si
f o l l o w i n g  e q u a t i o n
where  dr i n d i c a t e s  t h a t  t h e  i n t e g r a t i o n  i s  c a r r i e d  o u t  
o v e r  a l l  s p a c e ,
v = t h e  complex c o n j u g a t e  o f  ¥ , 
a a
E i s  t h e  e n e r g y  o f  t h e  s t a t e  w i t h  r e f e r e n c e  t o  t h e
e n e r g y  o f  i t s  f r e e  i on  t e r m ,  and
VQ i s  t h e  o c t a h e d r a l  f i e l d  p o t e n t i a l ,  i . e . ,
V * ( 4 9 / 1 8 ) 1 / 2 (2TT)1 / 2 { z e r 4/ a 5 ) [Y° + ( 5 / 1 4 ) 1 / 2 (Y4 + Y" 4 
o 4 4 4
Y° * ( 9 / 1 2 8 ) 1 / 2 ( 2 * ) " 1 / 2 (35 c o s 4 0 - 30 c o s 2 S + 3 ) ,
*2 * d , 2 -  R3 2 ( 1 5 / 1 6 ) 1 / 2 s 1 n 2 ®
whe re
Y*4 - ( 3 l 5 / 2 5 6 ) l / 2 ( 2 „ ) - , / Z s 1 n 4 e • e * 4 1 \
4
z i s  t h e  ma g n i t u d e  o f  t h e  e f f e c t i v e  c h a r g e  o f  t h e  
1i g a n d ,
e i s  t h e  c h a r g e  o f  t h e  e l e c t r o n ,  
r  i s  t h e  d i s t a n c e  f rom t h e  c e n t e r  o f  t h e  c o o r d i n a t e  
s y s t e m  t o  t h e  e l e c t r o n ,  and
a 1s t h e  d i s t a n c e  f rom t h e  c e n t e r  o f  t h e  c o o r d i n a t e  
s y s t e m  t o  t h e  l i g a n d s .
C a r r y i n g  o u t  t h i s  i n t e g r a t i o n  f o r  t h e  v a r i o u s  
s t a t e s ,  t h e  f o l l o w i n g  e n e r g i e s  a r e  o b t a i n e d :
/ * * a  * +6liciV F) VF)
/ » * 4  V * 4  dx ■ - 2 D q
T„ 0 T 
2 g  2g
o *
/ V . V V.  dr » - 1 2 D q
A o 4 A 
2g  2 g
R e v e r s i n g  t h e  s i g n s  o f  t h e  e n e r g i e s  f o r  t h e  a 
s y s t e m ,  t h e  e n e r g i e s  o f  t h e s e  t e r ms  a r e  s een  t o  be
4
t h o s e  i n d i c a t e d  i n  Case S o f  F i g u r e  I .  The P t e rm 
i s  u n p e r t u r b e d  by t h e  o c t a h e d r a l  e n v i r o n m e n t .  The
4
e n e r g y  o f  t h e  s t a t e  i s  t h e r e f o r e  t h e  same as
t h e  e n e r g y  o f  t h e  t e r m ,  i . e . ,  153.
2 0
To f i n d  t h e  ene r gy  . of  i n t e r a c t i o n  between t h e  two
4T, s t a t e s ,  t h e  s e c u l a r  d e t e r m i n a n t  below must  be 
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s o l v e d :
Hi r s n E
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ig ig
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!g lg






S u b s t i t u t i o n  o f  t h e  a p p r o p r i a t e  ene rgy  t e r ms  g i v e s
- 6 Dq-E 4Dq
4Dq 15B-E
Thi s  r ed u c e s  t o
( - 6 Dq - E ) ( 1 5B-E) « 16Dq2 
S o l v i n g  f o r  E,
E1 o r  E2 « 15B-6Dq * /2253 +100Dq +18QDqB
2
The e n e r g y  o f  t h e  4 T_ (F)  s t a t e  i s  E , , and t h e  
4e ne r gy  o f  t h e  T ^ ( P )  s t a t e  I s  The e n e r g y  d i f f e r ­
ence between t h e s e  two s t a t e s  i s  v ,  ■ E„-E,  ( s i n c e  E,J C 1 I
i s  a n e g a t i v e  q u a n t i t y )  and c o r r e s p o n d s  t o  an i n t e n s e  
t r a n s i t i o n  t a k i n g  p l a c e  i n  Co( 1 1 ) in t h e  r e g i o n  o f  
20 , 000  cm"^.
4 4
The t r a n s i t i o n  be t ween T ^ ( F )  and ^ (F) has
t h e  ene r gy  ■ 2Dq-E.j,  Thi s  c o r r e s p o n d s  to  a band
in t h e  i n f r a r e d  r e g i o n  a t  - 8 , 000  t o  10 , 000  cm"^.
4 4The t r a n s i t i o n  be t ween ^ g ( F )  and A has e n e r g y
v2 * 12Dq-E^.  This  c o r r e s p o n d s  t o  a very  weak band i n
t h e  r e g i o n  16 , 000  t o  20 , 000  cm"^.  The r e l a t i v e l y  low
i n t e n s i t y  o f  t h i s  band i s  a t t r i b u t e d  t o  t h e  f a c t  t h a t
i t  i s  a t w o - e l e c t r o n  t r a n s i t i o n .
2 2
The r e s u l t i n g  ene r gy  scheme when t e rm i n t e r a c t i o n  
i s  c o n s i d e r e d  i s  i n d i c a t e d  in  F i g u r e  I and i s  l a b e l e d  
Case C.
D e t e r m i n a t i o n  o f  Dq and B f o r  o c t a h e d r a l  c o b a l t ( I I )
Two d i agrams  a r e  n e c e s s a r y  f o r  t h e  d e t e r m i n a t i o n  
o f  Dq and B. The method o f  c o n s t r u c t i o n  o f  t h e s e  two 
d i agrams  w i l l  be e x p l a i n e d  f i r s t ,  t he n  t h e  p r o c e d u r e  
f o r  o b t a i n i n g  Dq and B f rom them w i l l  be e x p l a i n e d .
By assuming  r a t i o s  o f  Dq/B,  v a l u e s  o f  E^ and 
can be o b t a i n e d  in t e rms  o f  B by employing  t h e  q u a d r a t i c  
e q u a t i o n  f o r  E1 and E^. For  e xa mpl e ,  i f  a r a t i o  of  
Dq/B » 1 i s  assumed and s u b s t i t u t e d  i n t o  t h e  e q u a t i o n  
f o r  Ej and E ^ , t h e  f o l l o w i n g  i s  o b t a i n e d :
E -  15B-6B * / - 1 5 3 + 6 B ) 2- 4 ( - 9 0 B 2 -16B2 )
2
E] « -6 . 735B
E2 = 15.735B 
The t r a n s i t i o n s  t h e n  a r e :
v 3 " E2‘ E1
-  1 5 . 735B- ( - 6 . 735B) -  22.47B
v2 -  120q- E1
■ 12 B- ( - 6 . 735B) -  18.735B
v.j ■ 2Dq-E^
-  2 B- ( - 6 . 7 3 5 B )  ■ 8.735B
2 3
FIGURE I I
T r a n s i t i o n  r a t i o s  o f  s p i n  a l l o we d  s t a t e s  f o r  o c t a h e d r a l
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'  4Tl g (F)
E1\ \
CASE I I
CASE I - Energy o f  s t a t e s  w i t h  no i n t e r a c t i o n  between 
s t a t e s  o f  l i k e  s p i n  and o r b i t a l  d e g e n e r a c y .
CASE I I  - Energy o f  s t a t e s  when i n t e r a c t i o n  o f  4T, (P)
4 ’ 9and T (F) s t a t e s  i s  t a k e n  i n t o  a c c o u n t .
i g
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By as suming  o t h e r  v a l u e s  o f  Dq/B,  a g r aph  o f  v/B 
v e r s u s  Dq/B can be c o n s t r u c t e d .  Thi s  gr aph  1s shown 
i n  F i g u r e  I I I .
Using t h e  v a l u e s  o f  v ^ ,  v^» and as c a l c u l a t e d  
f o r  F i g u r e  I I I  and t h e  c o r r e s p o n d i n g  v a l u e  o f  Dq/B,  
t h e  s e cond  gr aph  can be c o n s t r u c t e d .  R a t i o s  o f  Vg/v^ , 
v3/ v 1 and '>3^v 2 a r e  P^o t t e d  a g a i n s t  t he  c o r r e s p o n d l n g  
v a l u e  o f  Dq/B. Thi s  i s  shown 1n F i g u r e  I I .
With t h e s e  two g r a p h s ,  v a l u e s  o f  Dq and B can 
now be o b t a i n e d  f o r  t he  compounds b e i n g  s t u d i e d .  From 
t h e  s p e c t r u m o f  t h e  compound,  t h e  v a l u e  o f  t h e  r a t i o  
o f  v g^v l* f o r  i n s t a n c e ,  can be d e t e r m i n e d .  Knowing 
t h i s  r a t i o , -  t h e  v a l u e  o f  Dq/B can be d e t e r m i n e d  from 
F i g u r e  I I .  Knowing t h i s  l a t t e r  v a l u e ,  t h e  r a t i o  v ^ B ,  
v 2/B and v 3/B can be o b t a i n e d  f rom F i g u r e  I I I .  S i n ce  
vg i s  known from e x p e r i m e n t ,  B can be c a l c u l a t e d .  Once 
B i s  f o u n d ,  t h e  v a l u e  o f  Dq i s  o b t a i n e d  f rom t h e  known 
va l u e  o f  Dq/B.
An example may be h e l p f u l  in u n d e r s t a n d i n g  t h i s  
r a t h e r  c o m p l i c a t e d  p r o c e d u r e .  A v a l u e  o f  v g / v j 1S 
d e t e r m i n e d  from e x p e r i m e n t a l  d a t a  t o  be 2 . 2  ( v 3 » 18 , 900  
cm” \  * 8 , 5 9 0  cm“ ^ ) .  From F i g u r e  I I  t h e  v a l u e  o f  
Dq/B i s  f i x e d  a t  1 . 2 8 .  Using F i g u r e  I I I ,  i t  i s  found
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t h a t  f o r  Dq/B v a l u e  o f  1 . 2 8 ,  v / B e q u a l s  2 5 . 0 ,  t h a t  1 s ,  
1S , 900 / B ■ 2 5 . 0 .  T h e r e f o r e  B 1s equa l  t o  1 8 , 9 0 0 / 2 5  ■
756 cm- 1 . Dq « 1.28B -  1 . 2 8  • 756 -  968 cm- 1 .
Al t hough  t h e  methods  employed t o  e x p l a i n  t h e  
s p e c t r u m  o f  C o ( I I )  have  been b a s e d  on a “weak" f i e l d  
a p p r o a c h ,  e x a c t l y  t h e  same f i n a l  scheme 1s o b t a i n e d  
I f  a s t r o n g  f i e l d  a p p r o a c h  1s u s e d .  R a t h e r  t h a n  go 
t h r o u g h  t h e  a r g u me n t s  o f  t h e  s t r o n g  f i e l d  a p p r o a c h ,  
t h e  r e s u l t s  a r e  s t a t e d  1n t h e  form o f  an e n e r g y  scheme 
{ F i g u r e  IV) .
C.  E X P E R I M E N T A L  P R OC E DUR E S
1. ELEMENTAL ANALYSES
All  ca rbon  and hydrogen  a n a l y s e s  were p e r f o r me d  by 
Mr. Ralph S i eb  o f  t h i s  d e p a r t m e n t .  The i n s t r u m e n t  used 
was a Carbon-Hydrogen A n a l y z e r  which was m a n u f a c t u r e d  by 
Coleman I n s t r u m e n t s  C o r p o r a t i o n ,  Maywood, I l l i n o i s .
2.  INFRARED SPECTRA
I n f r a r e d  s p e c t r a  on a l l  compounds were s c a n n e d  on 
t h e  P e r k i n - E l m e r  Re cor d i ng  I n f r a r e d  S p e c t r o p h o t o m e t e r ,  
model  21.  The mul l  t e c h n i q u e  was empl oyed ,  f i n e l y  
g r i n d i n g  t h e  compound w i t h  m i n e r a l  o i l  and p l a c i n g  t h e  
r e s u l t i n g  mul l  be tween two sodium c h l o r i d e  p l a t e s .
The s p e c t r a  o f  a l l  compounds p r e v i o u s l y  p r e p a r e d  a g r e e d  
w i t h  t h o s e  r e p o r t e d  in t h e  l i t e r a t u r e .
3. PREPARATION OF COMPOUNDS
a) C o b a l t  a c e t a t e  complexes
1) The f o l l o w i n g  compounds were  p r e p a r e d  by t he  
method o f  Ogden^8 :
Copy^{ Cl 3 A) ^ » Copy^tCl^A}^ , C o p y ^ F ^ ) ^ ,  
Copy2 ( Ac ) 2 *2H20,  Copy2 ( Ac) 2> Copy2 ( C l ^ A ) ^ ,
Co py ^ ( C1 £ A)£ * c ° P y 2 ( F3A) 2 -
2 8
2 ) Copy2 ( C l 3A) 2
0 . 05  moles  o f  c o b a l t o u s  c a r b o n a t e  in  200
m i l l i l i t e r s  o f  a b s o l u t e  e t h y l  a l c o h o l  were  r e f l u x e d
wi t h  0 . 01  moles  o f  t r i c h l o r o a c e t i c  a c i d  f o r  s i x
h o u r s .  The s o l u t i o n  was f i l t e r e d ,  and t o  t h e
f i l t r a t e  0 . 0 5  moles  o f  p y r i d i n e  were added .  Th i s
s o l u t i o n  was h e a t e d  on a h o t  p l a t e  u n t i l  i t s  volume
was r e d u c e d  t o  a p p r o x i m a t e l y  100 m i l l i l i t e r s .  Thi s
s o l u t i o n  was a l l o w e d  t o  s t a n d  f o r  s e v e r a l  d a y s ,
a f t e r  which a v i o l e t  p r e c i p i t a t e  o f  Copy2 (Cl A)
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formed.  The compound was f i l t e r e d  and d r i e d  i n  
a vacuum.
b) C o b a l t  n i t r a t e  compl exes
Co( qu i n )  (NO ) and Co ( i s o q )  (NO ) were  p r e p a r e d
1 Qby t h e  methods  o f  Lev e r  .
c) C o b a l t  a c e t y l a c e t o n a t e  complexes
1) C o ( a c a J 2 *2H2 0 was p r e p a r e d  by t h e  method o f  Berg 
? nand Truemper  .
19.  A. B. P .  L e v e r ,  I n o r g .  Chem. , 4,  1043 ( 1 9 6 5 ) .
20.  E.W. Berg and J . T .  Tr uemper ,  J .  Phys .  Chem. ,  
64 ,  487 ( I 9 6 0 ) .
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2 ) P r e p a r a t i o n  o f  Copygf ac a ) ^  by t h e  method o f  
Hashagen and F a c k l e r * ^  was found u n s a t i s f a c t o r y .
The f o l l o w i n g  s i m i l a r  p r o c e d u r e  was a d o p t e d  t o  
s y n t h e s i z e  t h e  compound:
0.01 moles  o f  Co(acaJ^ ' ^H^O was d i s s o l v e d  1n 
300 m i l l i l i t e r s  o f  m e t h a n o l .  Excess  p y r i d i n e  
( a p p r o x i m a t e l y  0 . 1 0  mo l e s )  was added t o  t he  
s o l u t i o n .  Thi s  was t h e n  b o i l e d  u n t i l  a p p r o x i m a t e l y  
50 m i l l i l i t e r s  o f  s o l u t i o n  r e ma i n e d .  On c o o l i n g ,  a 
p r e c i p i t a t e  f ormed.  The y e l l o w  s o l i d  was f i l t e r e d  
and d r i e d  un d e r  vacuum.
To 200 m i l l i l i t e r s  o f  a b s o l u t e  e t h a n o l ,  0 . 0 5  moles
o f  c o b a l t o u s  c a r b o n a t e  and 0 . 1 0  moles  o f  t r i f 1u o r o a c e t i c
a c i d  were  ad d e d ,  and t h e  r e s u l t i n g  m i x t u r e  was r e f l u x e d
f o r  s i x  h o u r s .  The s o l u t i o n  was t he n  f i l t e r e d  t o  remove
t h e  u n r e a c t e d  c o b a l t o u s  c a r b o n a t e .  Excess  e t h y l e n e d i a m i n e
was added t o  t h e  f i l t r a t e ,  and sma l l  y e l l o w  n e e d l e s  o f
Coen (F A) p r e c i p i t a t e d  i m m e d i a t e l y .  The m i x t u r e  was 
2 3 2
a l l o w e d  t o  d i g e s t  f o r  t h r e e  days a f t e r  which t h e  s o l i d  
was f i l t e r e d  and d r i e d  u n d e r  vacuum wi t h  no a p p l i c a t i o n  
o f  h e a t .
21.  O.T.  Hashagen and J . P .  F a c k l e r ,  J r . ,  J . A . C . S . ,  
87 ,  2821 ( 1 9 6 5 ) .
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The f o l l o w i n g  b a n d s ,  r e p o r t e d  i n  m i c r o n s ,  were
found in  t h e  n u j o l  mul l  i n f r a r e d  s p e c t r u m o f  Coen ( F A )  :
2 3 2
2 . 3 5 ( w ) , 3 . 0 3 ( m ) ,  3 . 0 9 ( m ) ,  3 . 2 2 ( r a ) ,  3 . 4 6 ( v . s . ) ,  5 . 9 0 ( s ) ,  
5 . 9 7 ( s ) ,  6 . 2 7 ( m ) , 6 . 8 5 { v . s . ) ,  7 . 0 5 ( m ) , 7 . 2 7 ( s ) ,  7*33( m) - 
( s h . ) ,  7 , 5 1 ( w ) . 7 . 8 3 ( w ) , 8 . 3 1 ( s ) ,  8 . 5 5 ( s ) ,  8 . 9 0 ( s ) ,
9 . 5 0 ( w ) , 9 . 8 0 ( s ) ,  1 0 . 2 4 ( w ) , 1 2 . 0 4 ( m ) ,  1 2 . 5 0 ( m ) ,  1 2 . 5 6 ( m ) ,  
1 3 . 8 7 ( m ) { s h . ) ,  13 . 92£m) .
v . s .  ■ ve r y  h i g h  i n t e n s i t y  band 
s * high,  i n t e n s i t y  band 
m -  medium i n t e n s i t y  band 
w * weak i n t e n s i t y  band 
s h ,  ■ s h o u l d e r
e)  Co(Ac) : -4H: 0
Thi s  compound was o b t a i n e d  c o m m e r c i a l l y  and was o f  
r e a g e n t  g r a d e .  The c a r b o n  and hydr ogen  a n a l y s e s  o f  a l l  
s y n t h e s i z e d  compounds i s  shown i n  Table
4.  ELECTRONIC SPECTRA
A Cary 14 s p e c t r o p h o t o m e t e r  was used  t o  o b t a i n  
s p e c t r a  i n  t h e  r e g i o n  f rom 15 , 000  an g s t r o ms  t o
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TABLE I I  
ANALYTICAL DATA
% Carbon % Hydrogen
Complex C a l c u l a t e d Found C a l c u l a t e d Found
Copy2 ( F3A) 2 37 . 9 37 . 2 2 . 3 2 . 7
Copy2 ( Cl 3A) 2 31 . 0 30 . 4 1.9 2 . 3
Copy2 ( Cl 2A) g 35 . 5 35.1 2 . 4 3 . 2
Copy2 (Ac) 2 50 . 2 48 . 9 4 . 8 5 . 3
C o p y ^ F j A ^ 48 . 0 47 . 2 3 . 3 3 . 7
Copy4 ( C l 3A) 2 41 .2 4 0 . 8 2 . 9 3 . 7
Copy4 ( Cl 2A) 2 4 5 . 5 4 5 . 8 3 . 5 4 . 0
Copy2 ( Ac) 2 *2H2 0 4 5 . 3 4 5 . 4 4 . 4 5 . 6
Co( a c a ) 2 *2H20 41 . 0 40 . 9 6 . 2 6 . 3
Copy2 ( a c a ) 2 5 7 . 8 5 7 . 8 5 . 8 6.1
Co e n 2 ( F ^  2 2 3 . 7 2 4 . 0 4 . 0 5 . 4
C o ( q u i n ) 2 (N03 ) 2 49 . 0 49.1 3.1 3 . 8
Co( i s o q ) 2 ( N03 ) 2 4 9 . 0 4 9 . 4 3.1 4 . 0
a p p r o x i m a t e l y  3 , 000  a n g s t r o m s .  Samples  were  f i n e l y  
ground wi t h  m o r t a r  and p e s t a l .  Mi ne ra l  o i l  ( '‘N u j o l ") 
was t hen  added t o  t h e  m o r t a r  and t h e  m i x t u r e  was a g a i n  
g r ound .  The mul l  was t hen  s p r e a d  on f i l t e r  p a p e r ,  t h i s  
p a p e r  b e i n g  t a p e d  o v e r  a h o l e  i n  a b r a s s  p l a t e .  The 
p l a t e  was p l a c e d  I n t o  an o p t i c a l  Dewar f l a s k  which i s  
t r a n s p a r e n t  t o  l i g h t  1n t h e  r e g i o n s  s t u d i e d .  When 
p l a c e d  1n t h e  Cary 14,  t h e  h o l e  1n t h e  p l a t e  c o i n c i d e d  
w i t h  t h e  l i g h t  p a t h  o f  t h e  i n s t r u m e n t .  A s i m i l a r  b r a s s  
p l a t e  was used in t h e  r e f e r e n c e  compar t men t ;  t h e  f i l t e r  
p a p e r  on t h e  r e f e r e n c e  s i d e  was s a t u r a t e d  w i t h  n u j o l .
A s p e c t r u m o f  n u j o l  on f i l t e r  p a p e r  v e r s u s  n u j o l  on 
f i l t e r  p a p e r  was run t o  o b t a i n  a base  l i n e .  Small  
i n t e r f e r e n c e s  a t  7 , 260  cm’  ̂ and 7 , 920  cm"^ were o b t a i n e d  
and s u b s e q u e n t l y  s u b t r a c t e d  from a l l  s p e c t r a  s c a n n e d .  
Using t h e  same p r o c e d u r e ,  t h e  s p e c t r a  o f  t h e  l i g a n d s  
were  s c a n n e d .  Any I n t e r f e r e n c e s  n o t e d  were  l i k e w i s e  
s u b t r a c t e d  from t h e  s p e c t r a .
To o b t a i n  low t e m p e r a t u r e  s p e c t r a ,  t h e  Dewar was 
f i l l e d  w i t h  l i q u i d  n i t r o g e n  t o  a l e v e l  above t h e  s a mp l e .  
Low t e m p e r a t u r e  s p e c t r a  were  a l s o  run wi t h  t h e  n i t r o g e n  
l e v e l  j u s t  below t h e  s a mp l e .  To i n s u r e  t h a t  t h e  sampl e  
was a t  a t e m p e r a t u r e  o f  77°K,  t h e  l i q u i d  n i t r o g e n  was
3 4
f i r s t  p l a c e d  above t h e  sampl e  f o r  a s u f f i c i e n t  t i me  to 
o b t a i n  t h e r ma l  e q u i l i b r i u m ,  t he n  t h e  n i t r o g e n  was pour ed  
o f f  t o  a l e v e l  s l i g h t l y  below t h e  s a mpl e .  There  was no 
d i s c e r n i b l e  d i f f e r e n c e  1n t h e  two t y p e s  o f  low t e m p e r a ­
t u r e  s p e c t r a .
To keep t h e  n i t r o g e n  from b u b b l i n g  1n t h e  Dewar and 
t o  t h e r e b y  o b t a i n  a more un i fo rm s p e c t r u m ,  he l i um gas 
was b u b b l e d  t h r o u g h  t h e  l i q u i d  n i t r o g e n  f o r  a p p r o x i m a t e l y  
one m i n u t e .  Thi s  p r o c e d u r e  w i l l  s u p p r e s s  b u b b l i n g  f o r  as 
much as t h i r t y  m i n u t e s .
At l e a s t  t h r e e  d i f f e r e n t  mu l l s  were run a t  room and 
low t e m p e r a t u r e  f o r  each  compound s t u d i e d .
A number  o f  compounds decomposed a t  room t e m p e r a t u r e  
when p l a c e d  1n t h e  beam o f  i n f r a r e d  l i g h t  i n  t h e  Cary 14.  
Th i s  was n o t i c e a b l e  due t o  t h e  f a c t  t h a t  t h e  compound in  
t h e  l i g h t  p a t h  would t u r n  a d a r k e r  c o l o r  t h a n  t h e  
r e ma i n i n g  compound above o r  below t h e  beam.  S i n c e  an 
o d o r  o f  p y r i d i n e  was a l s o  n o t i c e a b l e ,  i t  was assumed 
t h a t  t h i s  s u b s t a n c e  was b e i n g  d r i v e n  o f f  by t h e  I n f r a r e d  
l i g h t .  The compounds which under wen t  t h i s  d e c o m p o s i t i o n  
were  Copy2 ( a c a ) 2 » Copy4 ( F 3A)2 , Copy2 (Ac) 2 and
A s i m i l a r  d e c o m p o s i t i o n  was n o t i c e d  wi t h  
C o ( a c a ) 2 -2H2 0 f Co(Ac)2 *4H2 0 and Copy2 ( Ac ) 2 *2H2 0.  
The breakdown o f  t h e s e  compounds was a t t r i b u t e d  
t o  l o s s  o f  w a t e r s  o f  h y d r a t i o n .
D. RESULTS AND DISCUSSION
1. AIM OF RESEARCH
The aim o f  t h i s  r e s e a r c h  was t o  s t u d y  a s e r i e s  o f
d i v a l e n t  c o b a l t  complexes  which have a s i t e  symmetry
lower  t ha n  o c t a h e d r a l  and t o  I n t e r p r e t  t h e  e l e c t r o n i c
s p e c t r a  o f  t h e s e  compounds by t h e  f o r ma l i s m o f  l i g a n d
f i e l d  t h e o r y .  The compl exes  s t u d i e d  have D,, o r  C
4h 2v
symmet ry .  The l o w e r  symmet ry c a u s e s  a s p l i t t i n g  o f  
t h e  i n f r a r e d  band and t h e  v i s i b l e  band which  a r e  
a s s o c i a t e d  w i t h  an o c t a h e d r a l  symmet ry .  The s p l i t t i n g  
o f  t h e s e  bands  can be used  t o  d e t e r m i n e  t h e  t e t r a g o n a l  
f i e l d  p a r a m e t e r s  Ds and Dt .  Where p o s s i b l e ,  t h e s e  
p a r a m e t e r s  f o r  t h e  c o b a l t  s y s t ems  a r e  deduc ed .  In 
c o n j u n c t i o n  w i t h  t h i s  t h e  s p i n  a l l o w e d  bands  o f  t h e s e  
sys t ems  a r e  a s s i g n e d .
2.  STRUCTURES OF COMPOUNDS 
a )  C o ( A c ) £ - 4 H „ 0
The c r y s t a l  s t r u c t u r e  o f  t h i s  compound was found 
t o  be e s s e n t i a l l y  o c t a h e d r a l  by an x - r a y  i n v e s t i g a t i o n  
i n  1 9 5 3 ^ . ,  The f o u r  w a t e r s  were  found t o  be in t h e
22. J . N .  Van Ni e k e r k  and F . R. L.  S c h o e n l n g ,  Acta  
C r y s t . , 6 , 609 ( 1 9 5 3 ) .
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e q u a t o r l a l ' p i a n e  wi t h  t h e  a c e t a t e  g r oups  above and 




The c o b a l t - o x y g e n  bond d i s t a n c e s  f o r  t h e  w a t e r  
m o l e c u l e s  were  found t o  d i f f e r  somewhat .  One p a i r  o f  
w a t e r  m o l e c u l e s ,  A and A, ( s e e  f i g u r e  above)  have a 
c o b a l t - o x y g e n  d i s t a n c e  o f  2 . 06  an g s t r o ms  wh i l e  t h e  
o t h e r  p a i r ,  B and B, have  a s e p a r a t i o n  o f  2.11 a n g s t r o m s .  
The c o b a l t - o x y g e n  d i s t a n c e  f o r  t h e  a c e t a t e  oxygens  was 
found t o  be 2 . 1 2  a n g s t r o m s .
*>) Copy^t C l j A ) . ,  Copy^( Cl , A)„  , C o p y ^ FjA)..  and 
C o c n ^ ( F j A) 2
l aMa g n e t i c  and s p e c t r a l  s t u d i e s  by D. Ogden have 
shown t h e  c r y s t a l  s t r u c t u r e s  o f  t h e  f i r s t  t h r e e  o f  t h e  
above compounds t o  be e s s e n t i a l l y  o c t a h e d r a l ,  w i t h  
t h e  h a l o a c e t a t e s  a c t i n g  as mo n o d e n t a t e  l i g a n d s .  The
p o s s i b i l i t y  o f  t h e  e x i s t e n c e  o f  bo t h  c i s  and t r a n s  
i s omer s  i s  i n d i c a t e d  by t h e  p r e s e n c e  o f  two bands  in 
t h e  C-0 s t r e t c h i n g  r e g i o n  o f  t h e  i n f r a r e d  s p e c t r a .
More w i l l  be s a i d  c o n c e r n i n g  t h e i r  s t r u c t u r e  when t h e  
e l e c t r o n i c  s p e c t r a  o f  t h e s e  compounds i s  d i s c u s s e d .
The s t r u c t u r e  o f  Coen^fF^Ajg i s  assumed t o  be s i m i l a r  
t o  t h e  o t h e r  compounds o f  t h i s  g r o u p .
C) Copy. t F j A ) . ,  Copy. ( C l . A ) . , Copy; ( C l ; A ) , , Copy. ( Ac ) .
and Copy„(Ac) ^ • 2H^0
The s i t e  symmetry o f  t h e s e  b i s p y r i d i n e  complexes
has been shown t o  be o c t a h e d r a l  t o  a f i r s t  app r ox i ma-  
1 8t i o n  . The m o l e c u l a r  w e i g h t  d a t a  and i n f r a r e d  s t u d i e s  
i n d i c a t e  t h a t  i n  t h e  s o l i d  s t a t e  a p o l y m e r i c  s p e c i e s  
e x i s t s .  The a c e t a t e  and h a l o a c e t a t e  i ons  a c t  as 
b r i d g i n g  g r oups  be t ween t h e  c o b a l t  i o n s .  The p r o p o s e d  
s t r u c t u r e  i s  as shown be l ow.
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The c o b a l t  Ion 1s t h e r e f o r e  b a s i c a l l y  in  a 0
4 h
symmetry s u r r o u n d e d  by f o u r  p l a n a r  oxygens  and two 




This  chromophore  1s a l s o  assumed t o  be t h a t  f o r  
t h e  compound Copy. (Ac)  *2H 0.
<0 Co(qui  n K (  t ! 0 a n d  Co( i s o q ) ^  ( NÔ )
Evi dence  f rom e l e c t r o n i c  s p e c t r a ,  i n f r a r e d  s p e c t r a ,
m a g n e t i c  d a t a ,  m o l e c u l a r  w e i g h t  d e t e r m i n a t i o n s ,  and
23x - r a y  powder  p h o t o g r a p h s  c a r r i e d  o u t  by Leve r  i n d i c a t e  
t h a t  t h e s e  compounds have s i x  c o o r d i n a t e  s t r u c t u r e s  
i n v o l v i n g  b i d e n t a t e  n i t r a t e  g r o u p s .  Some d i s t o r t i o n  
f rom p u r e  o c t a h e d r a l  symmet ry i s  i n d i c a t e d  by t h e  
i n t e n s i t i e s  o f  bands  o f  t h e  e l e c t r o n i c  s p e c t r a .  The
23 .  A. B. P .  Le v e r ,  I n o r g .  Chem. . £ ,  1042 ( 1 9 6 5 ) .
The two p o s s i b l e  s t r u c t u r e s  p r o p o s e d  a r e  shown be l ow.
0-1
t r a n s ci  s
e )  C o ( a c a ) ^ *2H»0 and C o p y ^ ( a c a ) ^
B u l l e n ^  s t u d i e d  t h e  s t r u c t u r e  o f  Co(aca)  • • 2H^0 
by x - r a y  d i f f r a c t i o n  me t hods  and c o n c l u d e d  t h a t  t he  
c o o r d i n a t i o n  p o l y h e d r o n  o f  oxygen atoms a r ound  t h e  
c o b a l t  i s  a t e t r a g o n a l l y  d i s t o r t e d  o c t a h e d r o n .  The 
Co-0 bond d i s t a n c e s  t o  t h e  oxygens  o f  t h e  ace ty l * ;  
a c e t o n a t e  i o n s  a r e  2 . 0 5  - 2 . 0 6  an g s t r o ms  and t h e  Co-0 
bond d i s t a n c e  t o  t h e  a x i a l  oxygens  o f  t h e  w a t e r s  i s  
2 . 2 3  a n g s t r o m s .  The s t r u c t u r e  i s  shown on t h e  f o l l o w  
ing  page .




The s t r u c t u r e  o f  Copy^Caca)^ 1s assumed t o  be 
s i m i l a r  t o  C o f a c a ^ ^ H ^ O .
3 .  I N T E R P R E T A T I O N  OF  S P E C T R A  A S S U MI N G  AN OCTAHEDRAL
SYMMETRY FOR THE CO(I I )  ION 
As was s t a t e d  e a r l i e r ,  t h e  e l e c t r o n i c  s p e c t r u m 
o f  C o ( I I )  i n  an o c t a h e d r a l  e n v i r o n m e n t  s h o u l d  c o n s i s t  
o f  t h r e e  s p i n  a l l o we d  bands  l o c a t e d  1n t h e  n e a r  
i n f r a r e d  and v i s i b l e  r e g i o n s .  The band i n  t h e  
i n f r a r e d  r e g i o n  1s due t o  a t r a n s i t i o n  f rom t h e  g r ound
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s t a t e  t o  a T_ s t a t e  which a r i s e s  f rom an F t e rm in 2 g
t h e  f r e e  i o n .  In t h e  v i s i b l e  p o r t i o n  o f  t h e  s p e c t r u m ,
t h e r e  would be two b a n d s ,  one due t o  a t r a n s i t i o n  t o
a 4A„ s t a t e  coming f rom an F t e rm and one due t o  a 
Zg 4t r a n s i t i o n  to a T, s t a t e  a r i s i n g  f rom t h e  P . term o f
i g
t h e  f r e e  i o n .  The f i r s t  o f  t h e s e  i s  l a b e l e d  and
t h e  s e cond  v .
3
Accompanying t h e  s p e c t r u m  o f  each  compound i s  a 
t a b l e  which c o n t a i n s  v a r i o u s  o b s e r v e d  and c a l c u l a t e d  
v a l u e s .  The c o m p o s i t i o n  o f  each  t a b l e  i s  t h e  same 
f o r  a l l  g r o u p s .  Because  i t  i s  n o t  a l ways  obv i ous  f rom 
t he  hea d i n g s  what  t h e  v a r i o u s  numbers  r e p r e s e n t ,  t h e s e  
h e a d i n g s  w i l l  be e x p l a i n e d  h e r e .
Column 1,  Obs .
Th i s  column r e p r e s e n t s  t he  o b s e r v e d  p o s i t i o n  o f  
t h e  v^ band in t h e  i n f r a r e d  r e g i o n  and i s  e x p r e s s e d  in
4 3
cnT^.  S i n c e  t h e r e  1s o f t e n  more t h a n  one band In 
t h i s  r e g i o n ,  s e v e r a l  v a l u e s  may be used  1n t h i s  column.  
Column 2 ,  Qbs.
R e p r e s e n t e d  1n t h i s  column a r e  t h e  v a l u e s  which 
may be a s s i g n e d  t o  t h e  t r a n s i t i o n  and a r e  o b t a i n e d  
from t h e  s p e c t r u m .
Column 3 ,  v ^ /
Column 3 1s t h e  r a t i o  o f  t h e  e x p e r i m e n t a l  v a l u e s  
o f  bands  and f rom columns 1 and 2 .
Column 4 ,  Dq/B
The v a l u e  o f  Dq/B r e p r e s e n t e d  in  column 4 i s  
t h a t  v a l u e  o b t a i n e d  f rom F i g u r e  I I  u s i n g  t h e  v a l ue  
o f  f rom column 3.
Columns 5 ,  6 and 7 .  v ^ / B ,  Dq, 8 , r e s p e c t i v e l y .
Column 5_1s t h e  r a t i o  o f  t o  B. In columns 
6 and 7 a r e  t h e  v a l u e s  o f  Dq and B as c a l c u l a t e d  from 
F i g u r e s  I I  and I I I  and p r e c e e d l n g  v a l u e s  in columns 1 
t h r o u g h  4 .  To I l l u s t r a t e ,  t h e  f i r s t  row in  t h e  t a b l e  
f o r  CopygfAcJg w i l l  be u s e d .
o b s .  v j  * 9090 (column 1) 
obs .  v^ * 2 0 , 0 0 0  (column 2 )
V3/ V 1 * 2 . 2 0  (column 3)
4 4
From F i g u r e  I I ,  t h e  v a l u e  o f  Dq/B i s  found to  
be 1 , 27  (column 4 ) .  Using t h e  v a l u e  o f  Dq/B from 
column 4 ,  a v a l u e  o f  V3/B i s  o b t a i n e d  from Fi gure  
I I I .  A v a l u e  o f  24 . 425  (column 5) i s  found to  
c o r r e s p o n d  t o  a Dq/B v a l u e  o f  1 . 2 7 .  S i n c e  \>3/ 8  i s  
equa l  t o  24 . 425  and i s  known,  B can be c a l c u l a t e d  
as f o l l o w s :
24 . 425  ■ v 3/B
24 . 425  -  2 0 ,000/B
B « 818 cm" 1 (column 7)
Si nce  Dq/B i s  known t o  be 1 . 2 7 ,  Dq can be
c a l c u l a t e d ,  once t h e  v a l u e  o f  B i s  known:
Dq/B -  1 . 27  -  Dq/818 
Dq * 1038 (column 6 )
Columns 8 and 9 ;  v 3^ v2 * Pr e t l * v2 * r e s p e c t i v e l y .
The r a t i o  v 3/ v 2 d e t e r m i n e d  u s i n g  t h e  v a l u e  
of  Dq/B from column 4 and F i gure  I I .  Column 9 i s  
t h e  p r e d i c t e d  v a l u e  o f  Vg us i n g  t h e  r a t i o  o f  ^ 3/ ^2 
from column 8 and t h e  o b s e r v e d  v a l ue  o f  v 3>
For  a Dq/B v a l u e  o f  1 . 2 7 ,  F i g u r e  I I  shows t h e  
r a t i o  o f  v 3/ v 2 t o  be 1, 025 (column 8 ) .  The ob s e r v e d  
v a l u e  o f  i s  20 , 000  cm- 1 , and from t h i s  vg can 
be c a l c u l a t e d .
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v3^v 2 * 1*025 ■ 2 0 , 0 0 0  cm"V g
vg * 19 , 512  cm~l (column 9)
Column 10 ,  o b s .  Vg
Th i s  column r e p r e s e n t s  p o s s i b l e  v a l u e s  o f  vg ,  
which a r e  o b t a i n e d  f rom t h e  s p e c t r u m  o f  t h e  compound.  
Column 11,  Dq
S i n c e  and Vg a r e  s e p a r a t e d  by lODq,  Dq I t s e l f  
can be c a l c u l a t e d  f rom t h e  o b s e r v e d  v a l u e s  o f  and 
v 2 1n columns 1 and 1 0 .
v 2 - v^ ■ 10Dq 
16 , 300  - 9090 -  lODq
Dq ■ 721 cm"^ (column 13)
Column l a b e l e d  "Remarks1
The e n t r i e s  i n  t h i s  column I n d i c a t e  w h e t h e r  t h e  
d a t a  used  was t a k e n  f rom t h e  s p e c t r u m  run a t  78°K ( L . T . )  
o r  t h e  room t e m p e r a t u r e  s p e c t r u m  ( R . T . ) .
S i n c e ,  i n  go i ng  f rom o c t a h e d r a l  symmet ry t o  D ^  
o r  l ower  symmetry t h e  main band i n  t h e  v i s i b l e  and t h e  
main band in  t h e  i n f r a r e d  s h o u l d  be s p l i t ,  t h e r e  i s  
a l ways  more t h a n  one band i n  t h e  v i s i b l e  r e g i o n  and 
u s u a l l y  two o r  more 1n t h e  i n f r a r e d  r e g i o n .  T h e r e f o r e  
a mean o f  two bands  i s  o f t e n  used  in  t h e  c a l c u l a t i o n  
f o r  Dq, B and t h e  p o s i t i o n  o f  Vg. When one mean v a l u e  
i s  u s e d ,  t h e  t e m p e r a t u r e  d e s i g n a t i o n  i s  f o l l o w e d  by
one M, Thus R.T.M. i n d i c a t e s  t h a t  t h e  d a t a  were 
t a k e n  from a room t e m p e r a t u r e  s p e c t r u m ,  and a mean 
was used f o r  t h e  v a l u e  o f  one o f  t h e  b a n d s .  Both 
vj  and v^ a r e  mean v a l u e s  when t h e  t e m p e r a t u r e  desig< 
n a t i o n  i s  f o l l o w e d  by two M ' s ,  as  L.T.M.M.
GROUP I Copy2 ( Ac ) 2 , Copy2 ( Cl ^ A) 2 , Copy2 < C l 3A) 2 
and Copy2 ( F3A) 2
Copy2 ( Ac ) 2
At room t e m p e r a t u r e  Copy2 (Ac) 2 decomposed when 
e x p o s e d  t o  I n f r a r e d  l i g h t ,  p o s i n g  a p r ob l em 1n 
d e t e r m i n i n g  t h e  room t e m p e r a t u r e  v a l u e  o f  Dq. I f  
t h e  band a t  9090 cm"^ o b t a i n e d  f rom t h e  low t e m p e r a ­
t u r e  s p e c t r u m  1s used  1n c o n j u n c t i o n  w i t h  t h e  bands  
i n  t h e  v1s ib l -e  r e g i o n  o b t a i n e d  a t  room t e m p e r a t u r e ,  a 
Dq v a l u e  o f  from 1038 t o  1032 cm"^ i s  found (column 
5 ) .  S i n c e  t h e  peaks  s h i f t  somewhat  in  go i ng  f rom 
room t e m p e r a t u r e  t o  l i q u i d  n i t r o g e n  t e m p e r a t u r e ,  t h i s  
v a l u e  1s o n l y  a p p r o x i m a t e .  These v a l u e s  a l s o  p r e d i c t  
a v2 band i n  t h e  r e g i o n  19 , 300  t o  1 9 , 500  cm~^. No 
band c o r r e s p o n d i n g  t o  t h i s  v a l u e  1s found  a t  room 
t e m p e r a t u r e .  At low t e m p e r a t u r e  h o we v e r ,  a band a t
19 , 500  cm~^ 1s e v i d e n t  as a we l l  d e f i n e d  s h o u l d e r  on 
t h e  main p ea k .  Using t h e  mean o f  t h e  two wel l  d e f i n e d
peaks  1n t h e  v i s i b l e  r e g i o n  a t  2 0 , 5 0 0  and 2 1 , 6 0 0 ,
which a r e  u n d o u b t e d l y  due t o  t h e  \>3 t r a n s i t i o n ,  t he  
low t e m p e r a t u r e  v a l u e  o f  Dq i s  p l a c e d  a t  1031 cm’  ̂ and
v 2 1s p r e d i c t e d  t o  be a t  19 , 452 , 1n good a g r e e me n t
w i t h  e x p e r i m e n t .
Column 11 shows t h e  v a l u e s  o f  Dq p r e d i c t e d  when 
t h e  Vg t r a n s i t i o n  1s assumed t o  be 1 6 , 3 0 0 ,  1 9 , 5 0 0 ,  
2 0 , 3 0 0 ,  2 0 , 5 0 0  and 2 1 , 600  cm“ ^.  The o n l y  band o f  
t h e s e  t h a t  p r e d i c t s  a Dq v a l u e  s i m i l a r  t o  t h a t  
c a l c u l a t e d  by t h e  f i r s t  method 1s t h e  19 , 500  cm’  ̂
band .  The Dq v a l u e  p r e d i c t e d  by t h i s  p r o c e d u r e  1s 
1041 cm"^.
There  I s  t h e  p o s s i b i l i t y  t h a t  t h e  weak s h o u l d e r  
a t  16 , 300  1s due t o  t h e  vg t r a n s i t i o n .  However t h i s  
seems ve ry  I mp r o b a b l e  f o r  a number  o f  r e a s o n s :
(1)  u s i n g  t h e  v a l u e  o f  16 , 000  cm'^ to p r e d i c t  Dq 
(column 11) g i v e s  a v a l u e  of  721 cm"^.  Th i s  d i f f e r s  
g r e a t l y  from t h e  Dq v a l u e s  c a l c u l a t e d  In column 6 .
(2)  The p r e d i c t e d  v a l u e  o f  Dq equa l  t o  721 cm"^ 1s
too  low f o r  t h i s  compound when compared t o  Dq v a l u e s
f o r  c o b a l t ( I I )  compounds t h a t  have l i g a n d s  o f  s i m i l a r
2 2s t r e n g t h .  (3)  There  a r e  two s t a t e s ,  T-jg and >2g*
2
a r i s i n g  from t h e  G t e rm o f  t h e  f r e e  i o n ,  which
P r a t t ^  c a l c u l a t e d  t o  be a t  e n e r g i e s  o f  16 , 200  and
16 , 490  r e s p e c t i v e l y  f o r  CoO. He used  a v a l u e  o f  Dq
equa l  t o  942 ,  B e qua l  t o  780 and C equa l  t o  5B. Low^
d i d  s i m i l a r  c a l c u l a t i o n s  and c o n c l u d e d  t h a t  when Dq
-1 21s g r e a t e r  t h a n  a p p r o x i m a t e l y  900 cm , t h e  T.  and 
2Tlg l e v e l s  w i l l  f a l l  below t h e  Agg t r a n s i t i o n .  The
4 9
r e a s on  f o r  t h e  low I n t e n s i t y  o f  t h e  d o u b l e t  bands  1s
t h a t  t h e y  a r e  s p i n  f o r b i d d e n ,  t h a t  i s  S * 3 / 2  -► S * 1 / 2 .
The g t r a n s i t i o n  1s a two e l e c t r o n  t r a n s i t i o n ,  t he
S 2g r ound  s t a t e  a r i s i n g  f rom a t 3g eg  c o n f i g u r a t i o n ,  w h i l e
t he  c o n f i g u r a t i o n  c o r r e s p o n d i n g  t o  t h e  4A0 s t a t e  1s
3 4 4 9
t 2g e g * T h e r e f o r e  t h i s  A2g t r a n s i t i o n  s h o u l d  be
wea ke r  t han  t h e  ^Tj (P)  t r a n s i t i o n ,  which i n v o l v e s  a
*9
one e l e c t r o n  j ump,  b u t  s t i l l  s t r o n g e r  t h a n  t h e  s p i n  
f o r b i d d e n  t r a n s i t i o n s .  The band a t  16 , 000  cm“  ̂ i s
t h e r e f o r e  a s s i g n e d  t o  one  o f  t h e  t r a n s i t i o n s  a r i s i n g
2
from t h e  G t e r m o f  t h e  f r e e  1on.
BAND ASSIGNMENT OF SPIN ALLOWED TRANSITIONS FOR 
Copy0 (Ac)„
v 1 Tl g (F)  * T 2 g ( F )  9 ‘ 0 9 0  Cm_ 1  < L - T *>
v2 4 Tl g ( F > 4A2 g (F)  19 . 500  ( L . T . )
Components o f  v 3 4 Tl g (F)  + 4 T1 {P) ( R . T . ) ( L . T . )
2 0 . 4 0 0  2 0 , 500
2 1 . 4 0 0  2 1 , 600
1 2 3 4
TABLE I I I  Copy^{Ac) 
5 6
Obs. Obs.  v
3 s 3/ » ,
Dq/B v 3 / B Dq
9090 20000 2 . 20 1.27 24. 425 1038
9090 20400 2 . 2 4 1 . 24 24 . 5 1032
9090 21400 2 . 35 1.15 23 . 75 1036
9090 20500 2 . 25 1.225 24 . 4 1029
9090 21600 2 . 37 1. 13 23 . 55 1036
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LT 19, 500 cm Sh
21 , 600 cm"1
7 8 9
B
v3/ v 2 P r e d .  v£ Remarks
818 1. 025 19512 RT & LT
832 1.045 19521 . RT & LT
901 1.10 19454 RT & LT
840 1.05 19523 LT
917 1. 105 19547 LT
881 1. 08 19491 LTM
20 , 000  cm"1 S h . ,  20 , 400  cm"1 ,
9 , 090  cm"1 , 16 , 300  cm 1 Weak,
, 20 , 300  cm"1 S h . ,  20 , 500  cm- 1 ,
cn
o
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Copy2 ( Cl2A) 2
Using t h e  v ^ / v 2 r a t i o  o f  column 8 t o  p r e d i c t  v2 ,
v a l u e s  o f  1 8 , 2 6 0 ,  18 , 310  t o  18 , 360  cm~^ a r e  o b t a i n e d
a t  room t e m p e r a t u r e .  Th i s  a g r e e s  r e a s o n a b l y  we l l
w i t h  t h e  s h o u l d e r  found a t  17 , 800  cm"*.  The s h o u l d e r  
-1a t  16,300 cm seems t o  be t oo  low 1n e n e r g y  t o  be 
a s s i g n e d  t o  t h e  t r a n s i t i o n .  However i t  co u l d  wel l  
be t h a t  t he  Vg band i s  n o t  r e s o l v e d  a t  room t e m p e r a t u r e .  
In t h e  low t e m p e r a t u r e  s p e c t r u m ,  t h e r e  i s  a s h o u l d e r  
a t  17 , 400 cnT^ which may c o r r e s p o n d  t o  t h e  17 , 800  cm"^ 
s h o u l d e r  a t  room t e m p e r a t u r e .  However a n o t h e r  s h o u l d e r  
a p p e a r s  a t  19,300 cm~^ a t  low t e m p e r a t u r e .  Thi s  l a s t  
band a g r e e s  we l l  w i t h  t h e  p r e d i c t e d  v a l u e  o f  a t  
low t e m p e r a t u r e .  I f  a v a l u e  o f  e q u a l  t o  8850 cm'^ 
and v a l u e s  o f  equa l  to  2 0 , 1 0 0 ,  2 1 , 1 0 0 ,  and t h e  mean 
v a l u e  o f  20 , 100  and 2 1 , 1 0 0  a r e  used t o  p r e d i c t  v2 , t h e  
p o s i t i o n s  o f  f a l l  a t  1 9 , 1 4 0 ,  19 , 000  and 1 9 , 0 7 0 .
Thus t h e  t r a n s i t i o n  a t  low t e m p e r a t u r e  i s  a s s i g n e d  
t o  t h e  19 , 300  cm-  ̂ s h o u l d e r .
The band o f  low i n t e n s i t y  a t  16 , 300  cm-1 a t  room 
t e m p e r a t u r e  1s a s s i g n e d  t o  one o f  t h e  t r a n s i t i o n s  
a r i s i n g  f rom t h e  2G t e r m.  L i k e w i s e ,  a t  low t e m p e r a t u r e ,  
t h e  bands  a t  1 6 , 3 0 0 ,  1 6 , 5 0 0 ,  and 17 , 400  a r e  p r o b a b l y  
due t o  t h e s e  d o u b l e t  s t a t e s .
5 3
BAND ASSIGNMENTS OF SPIN ALLOWED TRANSITIONS FOR 
Copy2 {Cl2Ac) 2
( R . T . )  ( L . T . )
V 1 4Tl g ( F) 4"T-|g( F) 8 »550 c m " 1 8 »8 5 0  cm~'
v2 4 t i g ( F) * ^ A2 g ( F) 17 , 800  c m ' 1 1 9 , 300  cm"1
Components  o f
v 3 ^ T -j g { F) -  4Tl g (P)  2 0 , 2 0 0  cm"1 2 0 , 1 0 0  cm*1
21 , 000 cm"1 21 ,100 cm"1
At room t e m p e r a t u r e  u s i n g  t h e  mean v a l u e  o f  t h e
v i s i b l e  bands  t o  c a l c u l a t e  Dq, a v a l u e  o f  973 c m ' 1
(column 6) i s  f o u n d .  Using t h e  s e co n d  method f o r
d e t e r m i n i n g  Dq, a v a l u e  o f  925 c m ' 1 ( column 11) i s
found  when t h e  v 2 t r a n s i t i o n  1s a s s i g n e d  t o  t h e  s h o u l d e r  
-1a t  17 , 800  cm
At low t e m p e r a t u r e ,  t h e  v a l u e  o f  Dq as c a l c u l a t e d
by t h e  method o f  column 6 ,  u s i n g  a mean v a l u e  f o r  
-1i s  990 cm . Dq as  c a l c u l a t e d  by t h e  method o f  column 
11 u s i n g  a v 2 v a l u e  o f  1 9 , 3 0 0  c m ' 1 , i s  1 , 045  cm \
TABLE IV Copy2 (Cl 2 A>2
1 2 3 4 5 6 7 8 9
Obs. Obs.  v 3 V * 1 Dq/B v3/B Dq B V v2 Pr e d . 2 Rema
8550 20200 2 . 36 1 . 14 23 . 6 976 856 1.10 18360 RT
8550 21000 2 . 45 1. 075 23.1 977 909 1.15 18260 RT
8550 20600 2.41 1 . 10 2 3 . 3 973 884 1. 125 18310 RTM
8850 20100 2 . 2 7 1.21 2 4 . 3 1000 827 1 . 05 19140 LT
8850 21100 2 . 3 8 1.12 23 . 5 1005 898 1.11 19000 LT
8850 20600 2 . 3 3 1.16 24 . 12 990 854 1 . 08 19070 LTM
-1 -1
10 11
Obs.  v.  Obs.  v Dq Remarks Room Temp. Bands:  8 , 550  cm 1 , 16 ,300 cm ' Sh.
8550 16300 775 RT 17 , 800  cm S h . ,  20 , 200  cm- 1 , 21 , 100  cm" Sh
8550 17800 925 RT i _t
8850 16200 735 LT Low Temp. Bands:  8 , 850  cm , 16 , 200 cm ,
8850 16500 765 LT i •, _i
8850 17400 855 LT 16 , 500  cm , 17 , 400 cm S h . ,  19,300 cm Sh
8 8 5 0  1 9 3 0 0  1 0 4 5  LT i  -1  1
2 0 , 1 0 0  c m " ,  21 , 100  cm , 27 , 500  cm"'
F I G U R E  VI
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At room t e m p e r a t u r e ,  no band o r  s h o u l d e r  1s found
in t h e  r e g i o n  p r e d i c t e d  f o r  v2 . At low t e m p e r a t u r e ,
however ,  two s h o u l d e r s  a p p e a r  a t  19 , 400  and 19 , 500  cm- *.
The t h e o r e t i c a l  v a l u e s  o f  \>2 , u s i n g  eq u a l  t o
9 , 0 9 0  cm- *,  eq u a l  t o  2 0 , 2 0 0  cm’ *,  2 1 , 200  cm- * and
t h e i r  mean 20 , 700  cm- *,  a r e  1 9 , 4 2 0 ,  19 , 630  and 19 , 520
cm- *. The two o b s e r v e d  s h o u l d e r s  may 1n f a c t  be due t o
one band s i n c e  bo t h  a r e  r i p p l e s  on a f a s t  g r a d i e n t .
-1T h e r e f o r e  t h e  s h o u l d e r s  a t  19 , 500  and 19 , 400  cm a t  low 
t e m p e r a t u r e  a r e  a s s i g n e d  t o  t h e  v2 t r a n s i t i o n .  Again 
t h e  s h o u l d e r  a t  16 , 500  cm- * a t  room t e m p e r a t u r e  and the
16 , 200  cm * s h o u l d e r  a t  low t e m p e r a t u r e  a r e  a s s i g n e d  
t o  a t r a n s i t i o n  a r i s i n g  from a ^G t e r m.
BAND ASSIGNMENTS OF SPIN ALLOWED TRANSITIONS FOR 
Copy2 (Cl Ac ) 2
( R . T . ) ( L . T . )
V1 ^ Ti g ( F )  + 4T2 g (F)  8 . 700  cm-1 9 , 0 9 0  cm- *
v 2 **■ * ^ 2 g ^  Un r e s o l v e d  19 ,400 cm"*
o r  .
19 , 500  cm"1
Components o f
v 3 4 r l g ( F) '*■ 4Ti g ( p ) 20 , 000  cm"* 2 0 , 2 0 0  cm- *
20 , 900  cm"* 21 ,200 cm"*
The v a l u e  o f  lODq 1s a g a i n  found t o  be 1n t h e
10 , 000  cm"* r a n g e .  At room t e m p e r a t u r e ,  t h e  b e s t  
c a l c u l a t e d  v a l u e  f o r  Dq 1s 990 cm"* (column 6 ) .  At 
low t e m p e r a t u r e  v a l u e s  o f  1 , 026  cm"* (column 6 ) ,  
1,031 cm"* and 1 ,041 cm"* (column 11) a r e  f ound .
TABLE V Copy 2 ( F3A) 2
1 2 3 4 5 6 7 8 9
Obs. Obs.
V v i
Dq/B v 3 / B Dq B V3/V2 P r e d .  v2 Remarks
8700 20000 2 . 30 1 . 19 24 . 17 984 827 1.07 18690 RT
8700 20900 2 . 4 0 1.11 2 3 . 4 991 893 1. 125 18577 RT
8700 20450 2 . 35 1.15 23 . 75 990 861 1 .10 18600 RTM
9090 20200 2 . 2 2 1.25 24 . 62 1025 820 1.04 19420 LT
9090 21200 2 . 3 3 1.16 24 . 12 1020 879 1 . 08 19630 LT
9090 20700
10
2 . 2 8
11
1 .20 24 . 20 1026 855 1 . 06 19520 LTH
Obs. v i Obs. v
2

















Weak,  16 , 500 cm"* 
cm"*, 20 , 900  cm"* 
Low Temp. Bands :  9
Broad Low 
S h o u l d e r  
,090 cm"*,
S h o u l d e r ,  20 , 000  
13 , 000  cm’ * Very
Weak,  16 , 200 cm \  19 , 400 cm’ 1 S h o u l d e r ,  
1 9 , 500  cm"* S h . ,  20 , 200  cm *,  2 1 , 2 0 0  cm"
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FIGURE VII
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c °py2 ( c13A)2
Thi s  compound decomposes  1n I n f r a r e d  l i g h t  a t  room 
t e m p e r a t u r e .  An e s t i m a t e  o f  Dq co u l d  be made u s i n g  t h e  
p o s i t i o n  o f  t h e  I . R .  band in  t h e  low t e m p e r a t u r e  
s p e c t r u m .  However s i n c e  t h i s  band i s  s p l i t  a t  low 
t e m p e r a t u r e ,  no a t t e m p t  was made t o  do t h i s .
For  t h e  L.T.  s p e c t r u m ,  t h e  o b s e r v e d  v a l u e s  o f  vj 
t h a t  can be used  a r e  8 , 3 0 0  c m ' 1 , 9 , 0 1 0  cm"1 and t h e  
mean o f  t h e s e  two b a n d s .  S i m i l a r l y ,  v a l u e s  o f  20 , 100  
cm"1 , 20 , 700  cm"1 , and 2 0 , 4 0 0  cm"1 can be used f o r  \^.  
Thi s  r e s u l t s  1n p r e d i c t e d  v a l u e s  o f  (column 9) 
r a n g i n g  from 17 , 394  cm"1 t o  19 , 428  cm"1 . The s h o u l d e r  
a t  17 , 500  cm"1 co u l d  t h u s  be a t t r i b u t e d  t o  t h e  
t r a n s i t i o n .  However i t  i s  t h e  a u t h o r ' s  c o n t e n t i o n  t h a t  
t h i s  s h o u l d e r  i s  n o t  t h e  t r a n s i t i o n ,  and ,  i n  f a c t ,  
t h e  \£ t r a n s i t i o n  i s  u n r e s o l v e d .  There  a r e  t h r e e  
r e a s o n s  f o r  t h i s  b e l i e f .  1) The most  p r o b a b l e  v a l u e  
f o r  in  column 9 comes f rom us i n g  a mean v a l u e  o f  
bo t h  v i s i b l e  and i n f r a r e d  ba n d s .  Thi s  p r o c e d u r e  
p r e d i c t s  a band some 1 , 000  cm"1 h i g h e r  i n  e n e r g y  t han  
t h e  17,500 cm"1 band.  2) Using t h e  l o w e s t  e n e r g y  band 
in  t h e  I . R .  r e g i o n  in  c o n j u n c t i o n  w i t h  t h e  band a t
17 , 500  cm"1 t o  p r e d i c t  a v a l u e  o f  lQDq, a v a l u e  o f
6 1
9 , 200  cm 1 i s  f ound .  Th i s  does n o t  c o r r e s p o n d  we l l  
wi t h  t h e  v a l u e  o f  lODq found  f o r  t h e  o t h e r  compounds 
in  t h i s  g r o u p .  3) Al l  o t h e r  compounds o f  t h i s  group 
have a s h o u l d e r  1n t h e  19 , 000  cm"1 r e g i o n .  I f  a v a l u e  
o f  19 , 000  cm’ 1 were  used  t o  c a l c u l a t e  lODq,  a v a l u e  o f  
a p p r o x i m a t e l y  10 , 000  cm*1 would be o b t a i n e d .  The 
v a l u e  o f  Dq found a t  low t e m p e r a t u r e  when a mean v a l u e
o f  bo t h  t h e  i n f r a r e d  bands  and t h e  v i s i b l e  bands  a r e
1
employed f o r  t h e  c a l c u l a t i o n ,  i s  985 cm"1 .
The low t e m p e r a t u r e  bands a t  17 , 500  and 1 6 , 500  cm
4
a r e  t h e r e f o r e  a t t r i b u t e d  to  t h e  t r a n s i t i o n s  t o  T-. and
2 ?
T2g s t a t e s  a r i s i n g  f rom t h e  G t e r m .
BAND ASSIGNMENTS FOR THE SPIN ALLOWED TRANSITIONS FOR 
Copy2(C l3Ac) 2
Components o f  ( R . T . )  ( L . 7 . )
■l \ ( F ) - \ g
v,  4T, (F) -  4 Trt (F) 8 , 3 0 0  cm*1
9 , 0 1 0  cm"1
v2 4T1 g ( F) -  4 A2 g (F) Un r e s o l v e d
Components o f
V ,  4 T, (F)  -► 4T. (P)  1 9 , 900  cm-1 2 0 , 1 0 0  cm"13 lg  lg
2 0 , 700  cm"1
TABLE VI  C o p y 2 ( C l 3 A ) 2
1 2  3 4
Obs. Obs.  v 3 V v i Dq/B
8300 20100 2 . 42 1 . 10
8300 20700 2 . 49 1.06
9010 20100 2 . 2 3 1 . 245
9010 20700 2 . 3 0 1 . 19
8655 20100 2 . 32 1 . 17
8655 20100 2 . 39 1.105
9010 20400 2 . 26 1.217
8655 20400 2 . 36 1.14
10 11
Obs.  v.j Obs . v
2
Dq Remarks
8300 17500 920 LT
8300 16500 820 LT
9010 16500 749 LT








v / v  
3 2
9
P r e d .  v 2 Remar
23 . 3 949 862 1 .125 17866 LT
22. 9 958 904 1 . 17 17394 LT
24 . 56 1019 818 1. 0425 19280 LT
24. 17 1019 856 1.07 19345 LT
23. 95 982 831 1 . 083 18560 LTM
23. 45 975 882 1.12 18482 LTM
24. 35 1019 838 1 . 05 19428 LTM
2 3 . 6 985 864 1.10 18545 LTMM
Room Temp . Bands: 15 , 700  cm * Weak,  16, 700 cm
Weak, 17 , 500 cm 
Low Temp. Bands:
-1 Sh.  
8 , 300
, 19 , 900  
cm"1 , 9
cm” 1
,010 cm” 1 »
16 ,500 cm 1 Weak, 17, 500 cm” 1 Sh.  , 20 , 100 cm
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GROUP I I  Copy4 ( C l 2 A)2 , Copy4 ( C l ^A) 2 , Copy4 ( F 3A)2 
and Coen2 ( F3^ ) 2
The s p e c t r a  o f  t h e s e  f o u r  compounds a r e  in  g e n e r a l
q u i t e  complex .  However t h e  o v e r a l l  c o m p o s i t i o n  o f
t h e i r  s p e c t r a  1s s i m i l a r  t o  t h o s e  compounds p r e v i o u s l y
d i s c u s s e d .  The peak in  t h e  i n f r a r e d  r e g i o n  shows much
more s t r u c t u r e  th a n  can be e x p l a i n e d  by t h e  f a c t  t h a t
t h e  p o i n t  symmetry 1s lo w er ed  t o  D4 h * S i m i l a r l y  many
o f  t h e  s p e c t r a  show c o n s i d e r a b l e  s t r u c t u r e  i n  t h e
v i s i b l e  b a n d s .  I f  t h e  compounds have a c i s  s t r u c t u r e ,
4
t h e  number o f  bands  i n t o  which t h e  T. t r a n s i t i o n  i s  
s p l i t  i s  t h r e e  (A-j, B^ , and B2 ) .  The t r a n s i t i o n
i s  a l s o  s p l i t  i n t o  t h r e e  bands (A2 , B , and B2 ) .  The 
4A t r a n s i t i o n  i s  o f  c o u r s e  s t i l l  o r b i t a l l y  no ndege n-zg
e r a t e  when t h e  symmetry i s  l o w e r e d .  In g e n e r a l  t h r e e  
bands  a n d ,  o r  s h o u l d e r s  a r e  found  in  bo t h  s p e c t r a l  
r e g i o n s  c o r r e s p o n d i n g  to  \>j and \^.
A n o t h e r  e x p l a n a t i o n  f o r  t h e  c o m p l e x i t y  o f  t h e  
s p e c t r a  o f  t h e s e  compounds may be t h a t  bo th  c1s and t r a n s
i s o m e r s  a r e  p r e s e n t .  I f  t h i s  were t r u e ,  one would 
e x p e c t  t h e  t r a n s i t i o n  t o  t h e  A2g s t a t e  ( o c t a h e d r a l  
symmetry)  t o  be s l i g h t l y  d i f f e r e n t  f o r  each i s o m e r .  In
f a c t ,  i n  t h e  r e g i o n  p r e d i c t e d  f o r  v2 , two bands o r  
s h o u l d e r s  a r e  o f t e n  f o u n d ,  g i v i n g  some c r e d e n c e  t o  t h i s
6 4
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h y p o t h e s i s .  F u r t h e r  comments on t h e s e  m a t t e r s  w i l l  
be I n c l u d e d  1n t h e  d i s c u s s i o n  o f  t h e  s p e c t r u m  o f  
each compound.
6 6
C o p y 4 ( C l g A ) g
S i n c e  t h e  most  i n t e n s e  band in  t h e  v i s i b l e  r e g i o n
i s  due to  t h e  (F) -► 4 T, (P)  t r a n s i t i o n ,  a t  room
lg  Ig
t e m p e r a t u r e  t h i s  t r a n s i t i o n  s h o u l d  c o r r e s p o n d  t o  th e
-1 -1 peak a t  2 0 ,4 0 0  cm o r  2 0 ,8 0 0  cm . S i n c e  t h e  symmetry
i s  lower  t h a n  0 ^ ,  bo t h  a r e  p r o b a b l y  components  o f  t h e
v 2 t r a n s i t i o n .  L i k e w i s e  a t  low t e m p e r a t u r e ,  t h e  t h r e e
most  i n t e n s e  bands  a t  2 0 , 3 0 0 ,  2 1 ,0 0 0  and 2 1 ,5 0 0  cm“ ^
s h o u l d  c o r r e s p o n d  t o  t h e  t r a n s i t i o n .  The t h r e e
components  o f  t h i s  band may be due to  two i s o m er s  b e i n g
p r e s e n t  o r  to  a l o w e r i n g  o f  t h e  symmetry to  C ^ .
There  a r e  a number o f  bands  i n  t h e  i n f r a r e d  r e g i o n
which m ig h t  c o r r e s p o n d  to  t h e  t r a n s i t i o n .  I f  t h e
bands a t  10 ,50 0  cm"1 a t  room t e m p e r a t u r e  and 10 ,400  cm-1
a t  low t e m p e r a t u r e  a r e  used  to  c a l c u l a t e  v 2 » t h e  v a l u e s
found a r e  g r e a t e r  t h a n  2 2 ,0 0 0  cm’ 1 (column 9 ) .  No bands
a r e  found in t h i s  r e g i o n .  Also  the  v a l u e s  o f  Dq (column
11) found u s i n g  e q u a l  t o  10 ,500 and 10 ,4 00  cm"1 a r e
too  low f o r  t h i s  compound.
I f  a v-j v a l u e  o f  8 , 6 2 0  cm” 1 ( R . T . )  and a \>3 v a l u e
o f  2 0 ,4 00  cm” 1 a r e  used t o  c a l c u l a t e  v 2 » t h e  peak i s
p r e d i c t e d  t o  be a t  18 ,460  cm’ 1 . Th is  compares  f a i r l y
w el l  w i t h  t h e  band o b s e r v e d  a t  19 ,00 0  cm’ 1 .
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At low t e m p e r a t u r e s , 1 f  t h e  maximum o f  t h e  I n f r a r e d
eak a t  9 ,0 1 0  1s a s s i g n e d  t o  t h e  t r a n s i t i o n  and used
1n c o n j u n c t i o n  w i t h  t h e  t h r e e  peaks  a t  2 0 , 3 0 0  cm"1 ,
2 1 ,0 0 0  cm"1 and 2 1 ,5 0 0  cm 1 t o  p r e d i c t  vg t  v a l u e s  o f
19 ,33 0  cm \  1 9 ,4 4 0  cm 1 and 1 9 , 1 9 0  cm"1 a r e  found  f o r  
4 4
t h e  T, ( F) ■*- Art (F)  t r a n s i t i o n .  Bands a r e  o b s e r v e d
19 -1 29 -1 
a t  19 ,000 cm and 1 9 , 200  cm . Thus t h i s  a s s i g n m e n t
seems r e a s o n a b l e .
The band a t  16 , 400  cm"1 ( L . T . )  and t h e  s h o u l d e r
-1 2a t  17 ,0 00  cm ( L . T . )  a r e  a s s i g n e d  t o  t h e  G t r a n s i t i o n s
f o r  t h e  same r e a s o n s  as have  been o u t l i n e d  1n p r e v i o u s  
compounds o f  Group I .
The f a c t  t h a t  two bands  o c c u r  in  t h e  1 9 ,0 00  cm"1 
ran ge  may i n d i c a t e  t h a t  two I s o m e r s  a r e  p r e s e n t .
BAND ASSIGNMENTS OF SPIN ALLOWED TRANSITIONS FOR 
C° Py4 * Cl2 A)2
( R . T . )  ( L . T . )
i 4 T, (F)  -  V  (F)  3 ,6 2 0  cm*1 9 , 0 1 0  cm*1
4 9 4 9 -1 ” 1
v o  T, (F)  K  (F)  1 9 ,0 0 0  cm 19 ,000  cm
^ *9 Zg 0)f.
19 ,2 0 0  cm
The two a s s i g n m e n t s  a t  low t e m p e r a t u r e  a r e  made
due t o  t h e  p o s s i b i l i t y  o f  c i s  and t r a n s  i s o m e r s .
V
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Components o f  ( R- T . )  ( L . T . )
v ,  4T, (F)  -  4T, (P)  2 0 , 4 0 0  cm’ 1 2 0 ,3 0 0  cm’ 1»g «9 .
2 0 , 8 0 0  cm’ 2 1 , 0 0 0  cm"1
2 1 ,5 0 0  cm"1
The t h r e e  I n t e n s e  bands  a t  low t e m p e r a t u r e  1n t h e  
v i s i b l e  r e g i o n  nay be due t o  l o w e r i n g  o f  t h e  symmetry 
to  C2v> I f  two i s o m e r s  a r e  p r e s e n t ,  t h e o r y  p r e d i c t s  
f i v e  bands  in  t h i s  r e g i o n .  S i n c e  a l l  f i v e  would be 
c l o s e  1n e n e r g y ,  i t  may be t h a t  t h e  o t h e r  two bands 
a r e  n o t  r e s o l v e d .
Using t h e  a s s i g n e d  bands  to  d e t e r m i n e  Dq r e s u l t  
in  v a l u e s  a t  room t e m p e r a t u r e  o f  979 cm 1 and 982 cm"1 
(column 6) and 1038 cm’ 1 (column 1 1 ) .  At low t e m p e r a ­
t u r e ,  v a l u e s  o f  1019 cm’ 1 , 1009 cm \  1013 cm 1 (column 
6 ) ,  999 cm’ 1 , 1009 cm"1 (column 11) a r e  found  f o r  Dq.
TABLE V I I
1 t

























20 1 .26 24 .7 5
37 1 .1 3 . 23 .5 5
41 1 .10 2 3 .3 0
81 1.80 29 .5 0
94 1.585 27 .6 0
98 1.525 27 .05
99 1.52 2 7 .0 0
14 1.34 2 5 . 3 8
18 1 .30 25 .00
40 1.11 2 3 .4 0
48 1 .05 22 .95
54 1.02 22 .62
47 1.057 2 2 .9 7
25 1.225 24 .40
33 1.16 24 .12
39 1.105 23 .45
32 1 .17 23 .95
95 1.575 27 .5 0
02 1.485 26 .65
07 1.42 26 .10
01 1.49 26 . 75
11 1.365 25 .6 0
c o P . y 4 ( c i 2 A ) 2
6 7 8 9
Dq B
V3 / V Z
P re d . Remarks
967 767 1 .0 3 18446 RT
979 866 1 .105 18460 RT
982 893 1 .125 18490 RT
1159 644 0 .8 5 5 22220 RT
1171 739 0 .9 10 22417 RT
1172 769 0 .9 2 5 22480 RT
1069 704 0 .930 20430 RTM
1077 804 0 .995 20500 RTM
1081 832 1.01 20590 RTM
963 867 1 .125 18040 LT
960 915 1.16 18100 LT
969 950 1 .19 18070 LT
963 911 1 .155 18120 LTM
1019 831 1 .05 19330 LT
1009 870 1 . 0 8 19440 L ■
1013 917 1.12 19190 LI
1022 874 1 .083 19320 LTM
1162 738 0.91 22300 LT
1170 788 0 .9 4 22340 LT
1170 824 0 .88 5 24290 LT
1165 782 0 .9 4 22260 LTM
1014 742 0 .9 22 19150 LT
TABLE V I I ( c o n t . )
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Obs. v-j Obs. Dq Rem
8620 19000 1038 R
10500 19000 850 R











Room Temp. Bands:  8*400 c m ' 1 , 8 , 6 2 0  cm"1 ,
8 , 85 0  cm"1 , 10 ,500  cm"1 , 13 ,200  cm"1 Weak;
19.000  cm"1 S h . ,  20 ,400  cm"1 , 2 0 , 8 0 0  cm"1
Low Temp. Bands:  8 ,4 7 0  cm” 1 , 9 , 0 1 0  cm"1 ,
10,400  cm"1 , 13 ,200 cm"1 , 16 ,400  cm"1 ,'
19 .000 cm- 1 , 19 ,200  cm” 1 S h . ,  20 ,300  cm"1 ,
21 ,000 cm-1 , 21 ,500 cm"1
Sh.
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C o e n 2 ( F 3 A ) 2  ”
At room t e m p e r a t u r e ,  i f  t h e  o b s e r v e d  band a t
1 0 . 0 0 0  cm"1 i s  us e d  in  c o n j u n c t i o n  w i t h  t h e  v band
.1 3 
a t  2 1 , 2 0 0  cm to  c a l c u l a t e  \>2 » a v a l u e  o f  2 1 , 4 1 4  i s
p r e d i c t e d  (co lumn 9 ) .  No s t r u c t u r e  i s  o b s e r v e d  in
t h i s  r e g i o n  on t h e  h i g h  e n e r g y  s i d e  o f  v* .  Using t h e
peak a t  8 ,4 0 0  cm"1 as and t h e  2 1 , 2 0 0  c m ' 1 peak as
p r e d i c t s  a Vg band a t  17 ,966  cm"1 , which i s  r a t h e r
low f o r  t h e  o b s e r v e d  s h o u l d e r s  a t  1 9 ,0 0 0  cm-1 and
2 0 . 0 0 0  c m ' 1 . Using t h e  mean o f  t h e  two i n f r a r e d  bands  
p r e d i c t s  a band a t  1 9 ,8 1 3  cm"1 . Th i s  a g r e e s  f a i r l y  
w e l l  w i t h  t h e  o b s e r v e d  ba nd s  a t  1 9 ,0 0 0  cm"1 and 2 0 , 0 0 0  
c m ' 1 . Again t h e  two o b s e r v e d  bands  may be due t o  two 
i s o m e r s  b e i n g  p r e s e n t .
At low t e m p e r a t u r e ,  u s i n g  t h e  mean o f  t h e  i n f r a r e d  
b a n d s ,  9 , 4 0 0  c m ' 1 , and an o b s e r v e d  v a l u e  o f  2 1 ,6 0 0  
c m ' 1 , vg i s  p r e d i c t e d  t o  be a t  2 0 , 1 8 7  c m ' 1 . A s h o u l d e r  
i s  p r e s e n t  a t  2 0 , 4 0 0  c m ' 1 and one a t  18 ,900  c m ' 1 .
S i n c e  t h e  band c o r r e s p o n d i n g  t o  v 2 i s  u n c e r t a i n ,
Oq ' s  as c a l c u l a t e d  by t h e  method o f  column 11 a r e  
p r o b a b l y  n o t  as r e l i a b l e  as t h e  method o f  column 6.  At 
room t e m p e r a t u r e ,  u s i n g  t h e  mean o f  t h e  bands  i n  t h e  
i n f r a r e d  r e g i o n  and t h e  2 1 , 2 0 0  c m ' 1 peak in  t h e  v i s i b l e ,
7 3
a Dq v a l u e  o f  1 ,044 cm~^ i s  c a l c u l a t e d .  At low 
t e m p e r a t u r e , a g a i n  u s i n g  a mean v a l u e  f o r  t h e  
t r a n s i t i o n ,  Dq i s  c a l c u l a t e d  to  be 1 , 0 6 3  cm“ ^.
BAND ASSIGNMENTS OF SPIN ALLOWED TRANSITIONS FOR 
Coen2 ( F 3A)2 
Components o f
'1 ■* ^Tgg( F) d n n  r m " 1 Ann r m ' 1
r 1
v2 4Tl g (F)  -  4 a29 <F> 1Q nnn 10 0nn '■""1
u n c e r t a i  n .
v3 4Tl g (F) -  4Tl g (P) *’ """  "  *--------
( R.T . ) ( L . T . )
8 , 4 0 0 c "^ 8 , 4 0 0 cm
1 0 ,0 00 cm” ^ 1 0 ,4 0 0 cm
1 9 ,0 0 0 cm"^ 1 8 ,9 0 0 cm
ooo*oCM cm"^ 2 0 , 4 0 0 cm
,e ^ A2g { F) t r a n s i t i o n 1s
(R.T . ) ( L . T . )
2 1 ,0 0 0 cm” ^ 2 1 , 6 0 0 cm
T AB L E  V I I I  C o e n 2 ( F 3 A ) 2
1 2 3 4 5 6 7 8 9
Obs. v-j Obs. v 3 v 3/ v l Dq/B v 3/B
Dq B
v 3/ v 2 P r e d .  \>2 Remark
8400 19000 2 .2 6 1 .217 24 .35 949 780 1.05 18095 RT
8400 20000 2 . 3 8 1 .12 23 .5 0 953 851 1 .145 17467 RT
8400 21200 2 .52 1.02 22 .7 0 952 934 1 . 1 8 17966 RT
10000 19000 1 .90 1 .5 7 27 .5 0 1084 690 0.91 20870 RT
10000 20000 2 .00 , 1 .505 26 .8 7 1120 744 0 .9 3 5 21390 RT
10000 21200 2 .12 1.35 25 .5 0 1122 831 0 . 9 9 21414 RT
9200 19000 2 .0 7 1 .42 26 .1 0 1033 727 0 .835 21468 RTM
9200 20000 2 .17 1.305 25 .05 1042 798 1.005 19900 RTM
9200 21200 2 .30 1.19 24 .17 1044 877 1 .07 19813 RTM
8400 21600 2 .5 7 1 .00 22 .5 0 960 960 1 .2 0 18000 LT
10400 21600 2 . 0 8 1 .40 25 .9 0 1167 834 0 . 9 7 22268 LT





1 .25 24 .6 0 1016 854 1 .04 20192 LTMM
Obs. Vj 
8400
Obs. v Dq Remarks Room Temp . Bands : 8 , 400 cm- 1 , 10 ,000 cm ,
£
19000 1060 RT 19,000 “ 1 Clcm SI . Sh. , 20 ,000 cm S I . Sh.  ,
10000 19000 900 RT
cm” ^ , 28 ,600 -110000 20000 1000 RT 21 ,200 cm
9200 19000 980 RT
60 cm~^ Weak S h . , 8 ,40 0  cm9200 20000 1080 RT Low Temp. B a n d s : 8 , 2
8400 18900 1050 LT
c m " \  1 cm ^ , 20 ,400 cm- ^ S I .  Sh.10400 18900 850 LT 10,400 8 ,9 0 0
9400 18900 950 LT -1cm9400 20400 1100 LT 21, 600
7 5
FIGURE X
Mull s p e c t r a  o f Coen ( F Al 
2 3 2















C o p y 4 t C 1 3 A J 2
Here a g a i n ,  a t  low t e m p e r a t u r e ,  e f f e c t s  o f  symmetry 
low er  th a n  can be s e e n .  Three bands  a r e  o b s e r v e d  
in b o t h  t h e  i n f r a r e d  and v i s i b l e  r e g i o n s ,  and two bands 
a r e  l o c a t e d  1n t h e  r e g i o n  o f  t h e  \>2 t r a n s i t i o n .  The 
l a t t e r  i n d i c a t e  t h e  p o s s i b i l i t y  o f  i s o m e r s  b e i n g  p r e s e n t .
Using t h e  mean o f  t h e  two peaks  1n t h e  i n f r a r e d  
r e g i o n  and t h e  2 0 ,2 0 0  cm*^ v i s i b l e  band t o  p r e d i c t  
a t  room t e m p e r a t u r e  g i v e s  a v a l u e  o f  18 ,447  cnT^,  which 
i s  somewhat low f o r  t h e  o b s e r v e d  s h o u l d e r  a t  19 ,200  cm*^. 
A c t u a l l y  t h i s  may n o t  be as much in  e r r o r  as i t  m igh t  
seem,  s i n c e  t h i s  band i s  shown t o  be composed o f  two 
peaks  a t  low t e m p e r a t u r e .
At low t e m p e r a t u r e ,  a band a t  8 ,85 0  cm“  ̂ l i e s  
a l m o s t  a t  t h e  mean p o s i t i o n  o f  t h e  t h r e e  bands in  t h e  
i n f r a r e d  r e g i o n ,  t h e  o t h e r  two bands b e i n g  a t  8 ,5 5 0  cm"^ 
and 9 ,1 7 0  c m ' \  When t h e  8 ,8 5 0  cm~^ band i s  used in 
c o n j u n c t i o n  w i t h  th e  t h r e e  peaks  found  in  t h e  main 
v i s i b l e  band a t  2 0 , 3 0 0  cm” \  2 1 ,1 0 0  cm“  ̂ and 21 ,500 cm”  ̂
to  c a l c u l a t e  \>2 , t h r e e  p r e d i c t e d  v a l u e s  r a n g i n g  from
1 8, 850  t o  19 ,060 cm“  ̂ a r e  found .  These  a g r e e  we l l  w i t h  
t h e  two o b s e r v e d  peaks  a t  18,900 cm~^ and 19 ,200  cm“ ^.
BAND ASSIGNMENTS OF SPIN ALLOWED TRANSITIONS FOR
C° Py4 (C13A*2
Components o f  ( R . T . )  ( L . T . )
V1 4^ l g ^  8 ,3 3 0  cm"1 8 ,5 5 0  cm'
8 ,7 7 0  cm"1 8 ,8 5 0  cm*
9,170  cm*
vo \  (F)  -  4 A. (F)  19 ,200  c m ' 1 18 ,900  cm*
c lg 2 g
19 ,200 cm*
The two bands a r e  assumed due t o  i s o m e r s  b e i n g  
p r e s e n t .
Components o f  ( R . T . )  ( L . T . )
VF) * \v 3 4 l l a tF j  ■* 4T1 2 0 , 200  cm"1 20 ,300 c m ' 1
21 ,100 cm"1
2 1 , 500  cm"1
The Dq v a l u e s  c a l c u l a t e d  by t h e  method o f  column 
6 a r e  1 ,0 0 3  cm"1 , 1 ,005  cm*1 and 1 ,0 0 7  cm"1 when t h e  
band a t  8 ,8 5 0  cm"1 i s  u s e d  a l ong  w i t h  t h e  t h r e e  peaks  
o f  t h e  main v i s i b l e  band f o r  t h e i r  d e t e r m i n a t i o n .  By
t h e  method o f  column 11 ,  t h e  Dq v a l u e s  c a l c u l a t e d
ir 
-1
u s i n g  t h e  8 ,85 0  cm"1 band and t h e  two peaks  a s s i g n e d
to t h e  v 2 t r a n s i t i o n  r e s u l t  in  v a l u e s  o f  1 ,005 cm
and 1 ,035 cm"1 .
The sm al l  peak a t  16 ,400  cm"1 i s  a s s i g n e d  t o  a
2
s t a t e  a r i s i n g  from th e  G t e r m .  I t s  p o s i t i o n  i s  to o
4 . .
low in  en e rg y  to  be due t o  t h e  A ^ ( F )  t r a n s i t i o n .
TABLE IX
Obs. vj Obs. v3/ v l Dq/B v3/B
8330 19200 2 .3 0 1.19 24 .1 7
8330 20200 2 .42 1 .10 23 .3 0
8770 19200 2 .1 9 1.285 2 4 . 10
8770 20200 2 . 30 1.19 2 4 . 90
8550 20200 2 . 36 1 .14 2 3 .6 0
8550 20300 2 . 37 1 .13 23 .55
8550 21100 2 . 47 1 .057 2 2 . 97
8550 21500 2.51 1.035 2 2 .7
8550 20960 2 .45 1 .075 23 .10
8850 20300 2 .29 1 .195 2 4 .1 8
8850 21100 2 . 3 8 1 .12 2 3 .5 0
8850 21500 2 . 4 3 1.0875 23 . 20
8850 20960 2 .37 1 .13 23 .55
9170 20300 2.21 1 .26 24 .75
9170 21100 2 .30 1 .19 24 .17
9170 21500 2 .34 1 .16 24 .12
9170 20960 2 . 2 8 1.21 24 .30
10 11
Obs. v.j Obs. Dq Remarks
8330 19200 1087 RT
8770 19200 1043 RT
8550 16400 785 LT
8550 18900 935 LT
8550 19200 1065 LT
copŷ t c1 ^
6 7 8 9
Dq B v 3/ v 2 P re d . Remarks
945 794 1 .07 17940 RT
953 867 1.125 17950 RT
1028 796 1.02 18820 RT
965 811 1 .07 18870 RT
976 856 1.095 18447 RTM
974 862 1 .105 18370 LT
970 918 1 .155 18270 LT
1171 1131 1 .175 18300 LT
975 907 1 .15 18220 LTM
1003 839 1.065 19060 LT
1005 898 1.11 19000 LT
1007 827 1 .14 18850 LT
1006 890 1.105 18960 LTM
1033 820 1 .03 19700 LT
1039 872 1 .07 19720 LT
1034 891 1 . 0 8 19900 LT
1043 862 1.05 19960 LTM
T AB L E  I X  ( c o n t . )
10 11







Remarks Room Temp. Bands:  8 ,3 3 0  cm- 1 , 8 , 7 7 0  cm"1 ,
19 ,20 0  cm*1 , 2 0 , 200  c m ' 1 
Low Temp. Bands:  8 ,5 5 0  cm"1 , 8 , 8 5 0  cm"1 , 9,
cm"1 , 16 ,400  cm"1 , 18 ,90 0  cm"1 , 19 ,2 00  cm' 






Mull s p e c t r a  o f  Copy4 ( C l 3 A)2 a t  3G0°K. and 77°K.
C M *1 * l u  3
7 G 9 10 12 15 20
MULL SPECTA OP C c j ^ ( C L A )
 1 I  ... J  I I. I..
15 V: 13 12 11 10 9 G 7 6 5 4
Ax 1C *3
c ° p y 4 ( | : 3 A ) 2
The s p e c t r u m  o f  c ° P y 4 {F3A)2 i s  v e r y  s i m i l a r  t o
th e  s p e c t r u m  o f  Copy^(Cl^A)^ .  Again t h r e e  bands  a r e
o b s e r v e d  1n t h e  I n f r a r e d  r e g i o n ,  and two s h o u l d e r s  o f
n e a r l y  e q u a l  en e rg y  a r e  foun d  on t h e  re d  s i d e  o f  t h e
main v i s i b l e  pea k .  The room t e m p e r a t u r e  s p e c t r u m  i s
i n c o m p l e t e  due to  d e c o m p o s i t i o n  o f  t h e  compound u n d e r
I n f r a r e d  l i g h t .  T h e r e f o r e  no c a l c u l a t i o n s  were made
f o r  t h e  compound a t  room t e m p e r a t u r e .
- 1Values  o f  18 ,959  and 1 8 ,9 33  cm a r e  p r e d i c t e d  
f o r  v2 when t h e  m id d l e  band 1n t h e  i n f r a r e d  a t  8 ,8 5 0  
cm~^ and t h e  two, most  i n t e n s e  v i s i b l e  bands  a t  20 ,400  
and 2 1 ,3 0 0  cm"^ a r e  employed  in t h e  c a l c u l a t i o n .
These v a l u e s  a g r e e  w e l l  w i t h  t h e  two s h o u l d e r s  found 
a t  19 ,100  cm“  ̂ and 19 ,450  c m " \
BAN0 ASSIGNMENTS OF SPIN ALLOWED TRANSITIONS FOR 
co p y 4 ( F3A)2
Components o f  ( R . T . )  ( L . T . )
4 ,  4
8 2
Two t r a n s i t i o n s  a t  low t e m p e r a t u r e  a r e  a t t r i b u t e d  
t o  I s o m e r s .
Components o f  { R. T . )  ( L . T . )
v ,  4T. (F)  4 T, (P)  2 0 , 2 0 0  cm’ 1 2 0 , 4 0 0  c m ' 1
3 >9 ig , .
2 1 , 1 0 0  cm" 2 1 , 3 0 0  c m ' 1 
By t h e  method o f  column 6 ,  Dq v a l u e s  o f  1 , 0 0 0  and 
1 ,0 05  cm’ 1 were  f oun d  when t h e  band a t  8 , 8 5 0  cm*1 was
us e d  w i t h  t h e  two p ea k s  a s s i g n e d  t o  t h e  v -  t r a n s i t i o n .
-1 -1 
S l i g h t l y  h i g h e r  v a l u e s  o f  1 ,0 2 5  cm and 1 , 0 5 5  cm
were  c a l c u l a t e d  f o r  Dq by t h e  method  o f  column 11 when
t h e  8 , 8 5 0  cm*1 band was u s e d  w i t h  t h e  two bands  a s s i g n e d
t o  t h e  t r a n s i t i o n .
The bands  a t  1 6 , 4 0 0 ,  1 6 ,6 0 0  and 1 7 , COO cm a r e
a l l  to o  low 1n e n e r g y  to  be a s s i g n e d  t o  t h e  Vg
t r a n s i t i o n .  Th i s  i s  e v i d e n c e d  by t h e  low Dq v a l u e s
p r e d i c t e d  in  column 11 when t h e s e  t h r e e  bands  a r e  used
f o r  I t s  c a l c u l a t i o n .  Al l  t h r e e  a r e  a s s i g n e d  t o  t h e
2
components  o f  t h e  bands  a r i s i n g  from t h e  6 t e r m .
TABLE X
1 2 3 4 5
Obs. v 1 Obs. V3/ V 1 Dq/B v 3 / B
8400 19100 2 .2 7 1.21 24 .30
8400 19450 2 .3 2 1 .17 23 .95
8400 20400 2 . 4 3 1.0875 2 3 . 20
8400 21300 2 . 5 4 1.02 22.62
8400 20850 2 . 4 8 1 .05 22 .95
8850 19100 2 .16 1.31 25 .10
8850 19450 2 .2 0 . 1 .27 2 4 . 43
8850 20400 2.31 1 .1 8 24 .06
8850 21300 2.41 1.10 23 .30
8850 20850 2 .3 6 1 .14 23 .60
9520 19100 2 .0 0 1.505 26 .87
9520 19450 2 .0 4 1 .46 26 .40
9520 20400 2 .1 4 1 . 34 2 5 . 38
9520 21300 2 .2 4 1 .2 4 2 4 . 50
9520 20850 2 .1 9 1.285 24 .10
10 11
















c °p y 4 ( F3A)2
6 7 8 9
Dq B
v3/ v 2 P r e d .  v2 Remarks
951 786 1 .05 18190 LT
950 812 1 .083 17960 LT
956 879 1.14 17894 LT
960 941 1 .19 17900 LT
954 908 1 .16 17970 LTH
997 761 1 .00 19100 LT
1011 796 1.025 18975 LT
1000 848 1.076 18959 LT
1005 914 1.125 18933 LT
1007 883 1 .10 18950 LTH
1069 710 0 .9 35 20430 LT
1075 736 0 .9 5 20470 LT
1077 804 0 .9 95 20500 LT
1078 869 1.045 20380 LT
1111 865 1.02 20440 LTM
Co
( a )
T AB L E  X ( c o n t . )
10 11









Remarks Room Temp. Bands:  19 ,000 cm"* , 2 0 ,2 0 0  cm"*,
2 1 .1 0 0  cm**1
Low Temp. Bands:  8 ,4 0 0  cm"*,  8 , 8 5 0  cm” * ,  9 ;
cm” * ,  16 ,400  cm"*,  16 ,600  cm” *,  17 , 000  cm'







Mull s p e c t r a  o f  Copy4 ( F 3A)2 a t  300°K. and 77°K.
C M '1 x 10*3
7  a  9  1 0  12 15 2 0  25
1--------- 1------- 1“ “ r~------ 1 i---------1 r
MULL SPECTRA OF C ^ / ; :  A)»
‘i o  1
a -  3 0 0 ° K
b - r r &
__L
15 13 12 11 10 9  0 /  ) 5 4
Ax10-3
GROUP I I I  C o p y 2 ( A c ) 2 - 2 H 2 0 ,  C o f A c J ^ I ^ O
Copy2 ( A c ) 2 *2H20
The room t e m p e r a t u r e  s p e c t r u m  o f  Copy2 ( A c ) 2 ’ 2H2 0 
1s I n c o m p l e t e  due t o  d e c o m p o s i t i o n  o f  t h e  compound 1n 
I n f r a r e d  l i g h t .  T h e r e f o r e  no c a l c u l a t i o n s  were  made 
f o r  t h e  compound a t  t h i s  t e m p e r a t u r e .  At low t e m p e r a ­
t u r e ,  t h e  two mos t  I n t e n s e  p ea k s  1n t h e  v i s i b l e  r e g i o n  
a t  2 0 , 4 0 0  cm’ "* and 21 ,600  cm""1 and t h e  mean o f  t h e s e  
two b a n d s ,  when us ed  1n c o n j u n c t i o n  w i t h  t h e  i n f r a r e d
band a t  8 , 9 3 0  c m ~ \  p r e d i c t  t h e  v_ band t o  be l o c a t e d
-1 -1 -1 a t  1 9 , 245  cm , 1 9 ,2 0 0  cm and 19 ,181  cm . A  d i s t i n c t
s h o u l d e r  i s  f oun d  a t  1 9 , 3 0 0  c m " \  The a v e r a g e  o f  t h e
two bands  1n t h e  I n f r a r e d ,  8 ,6 8 0  c m ~ \  and t h e  a v e r a g e
o f  t h e  two v i s i b l e  pe aks  p r e d i c t  a v a l u e  o f  1 8 , 666  cm ^
f o r  v 2 . A l th ough  somewhat  low,  t h i s  1s s t i l l  in  f a i r
a g r e e m e n t  w i t h  t h e  1 9 ,3 0 0  cm  ̂ s h o u l d e r .  The weak
s h o u l d e r  from 1 5 ,4 0 0  cm~^ t o  1 6 ,9 0 0  cm  ̂ i s  o f  t o o  low
i n t e n s i t y  and e n e r g y  t o  be a s s i g n e d  t o  t h e  v 2 t r a n s i t i o n .
T h is  low I n t e n s i t y  s h o u l d e r  1s assumed t o  o r i g i n a t e  from 
2
t h e  G f r e e  io n  t e r m .
86
87
BAND ASSIGNMENTS OF SPIN ALLOWED TRANSITIONS FOR 
Copy2 ( A c )2 *2H2 0
Components o f  ( R . T . J  ( L . T . )
4T (F) -  \
• Ig 2g
, i * 4 T (F)  8 ,4 3 0  c m ' 1
8 , 9 3 0  c m ' 1
v2 4 Tl g (F)  > 4A2 g (F)  1 9 , 3 0 0 c m ' 1
Components o f
4 T, (F)  -► 4 T, (P)  20 ,330 c m ' 1 2 0 ,4 0 0  cm"
lg ig
2 0 ,8 3 3  cm*1 2 1 ,6 0 0  cm
By t h e  method o f  column 6 ,  a Dq v a l u e  o f  991 cm*1
i s  found f o r  Copy ( Ac) 2 • 2H20 when t h e  a v e r a g e  v a l u e  o f
t h e  bands  a s s i g n e d  t o  and t h e  a v e r a g e  o f  t h e  bands
a s s i g n e d  to  t h e  v -  t r a n s i t i o n  a r e  used f o r  i t s  c a l c u l a -
-1
t i o n .  A somewhat h i g h e r  v a l u e  o f  1 ,062  cm I s  found 
when t h e  a v e r a g e  o f  t h e  i n f r a r e d  bands  1s used a l ong  
w i t h  t h e  a s s i g n e d  t r a n s i t i o n  (column 1 1 ) .
TABLE XI  C o p y 2 ( A c ) 2 * 2 H 2 0
1 2 3 4 5 6 7 8 9 -
Obs. v-| Obs. v 3/ v , Dq/B v3/B Dq B v 3/ v 2 p r e d .  v2 Remarl
8430 19300 2 .29 1.195 2 4 .1 8 954 798 1 .065 18122 LT
8430 20400 2 .42 1 .10 23 .30 963 875 1 .125 18133 LT
8430 21600 2 . 56 1.01 22 .5 5 967 958 1 .1 95 18075 LT
8430 21000 2 .49 1.06 22 . 90 972 917 1 .17 17948 LTM
8930 19300 2 .16 1.31 25 . 10 1007 769 1 .0 0 19300 LT
8930 20400 2 .2 8 1 .20 24 .20 1011 843 1 .06 19245 LT
8930 21600 2 .4 2 1 .10 23 .30 1019 927 1 .125 19200 LT
8930 21100 2 .36 1 .14 23 .6 0 1019 894 1 10 19181 LTM
8680 19300 2 . 2 2 1.25 24 .62 980 784 1 .04 18557 LTM
8680 20400 2 .3 5 1 .15 23 .7 5 987 859 1 .10 18545 LTM





1 .10 2 3 . 30 991 901 1 .125 18666 LTMH
Obs. Vj Obs.  v2 Dq Remarks Room Temp . Bands : 15 , 5 0 0 - 1 7 , 0 0 0 cm"^ Broad
8430 15400 697 * LT S h o u l d e r ,  2 0 , 300  cm_ 1 , 20 ,800 cm Sh.
8430 16900 847 LT
30 cm"^, 8 , 930 cm” ^8430 19300 1087 LT Low Temp. B a n d s : 8 , 4 »
8930 15400 647 LT
cm~* 300 cm8930 16900 797 LT 1 5 ,4 0 0 - 16,900 Broad S h o u l d e r ,  19,
89 30 19300 1037 LT ■
, 21 ,600 cm-18680 15400 672 LTM Sh. , 20 ,400 cm
8680 16900 722 LTH
8680 19300 1062 LTM
89
FIGURE XII I












C o ( A c ) 2 • 4 H 2 0
S in c e  t h e  room t e m p e r a t u r e  s p e c t r u m  1s I n c o m p l e t e ,  
t h e  d i s c u s s i o n  o f  t h i s  compound p e r t a i n s  to  t h e  low 
t e m p e r a t u r e  s p e c t r u m  o n l y .
Using t h e  main peak 1n t h e  n e a r  I n f r a r e d  a t  8 ,3 3 0  
cm-  ̂ and v a l u e s  o f  o b s e r v e d  v 3 o f  1 9 , 500  cm” \  2 0 ,5 0 0
cm*^ and 21 ,600 c m ~ \  t h e  p r e d i c t e d  p o s i t i o n s  o f  v 2
-1 -1 -1 
a r e  18 ,055  cm , 17 ,826  cm and 1 7 ,8 50  cm . Using
a v a l u e  o f  2 1 ,0 5 0  cm"^ f o r  v^» which i s  t h e  mean v a l u e
o f  t h e  two most  i n t e n s e  peaks  1n t h e  v i s i b l e ,  and th e
mean o f  t h e  two I n f r a r e d  b a n d s ,  8 ,2 3 0  cm“ \  f o r  v ^ t v2
1s p r e d i c t e d  t o  be a t  1 7 ,6 4 7  cm \  The two s h o u l d e r s
which f a l l  c l o s e s t  to  t h e s e  v a l u e s  a r e  p o s i t i o n e d  a t
1 7 ,0 0 0  cm”  ̂ and 18 ,9 00  cm \  The 17 ,000  cm  ̂ s h o u l d e r
1s o f  low i n t e n s i t y  and f a l l s  1n t h e  r a n g e  p r e d i c t e d
2
f o r  t h e  s t a t e s  a r i s i n g  from t h e  6 f r e e  1on t e rm .  The
18 ,900  cm“  ̂ s h o u l d e r ,  on t h e  o t h e r  hand ,  seems to  be 
too  h igh  1n e n e r g y  t o  c o r r e s p o n d  t o  t h e  v 2 t r a n s i t i o n .
The Dq v a l u e s ,  c a l c u l a t e d  by t h e  method o f  column 
11,  a r e  877 cm’  ̂ when t h e  mean v a l u e  o f  t h e  I n f r a r e d  
bands  and a v a l u e  o f  17 ,00 0  cm  ̂ a r e  emp loy ed ,  and 
1 ,0 6 7  cm"^ when 1 8 , 900  cm"^ 1s used  f o r  v 2 a l ong  w i t h  
t h e  mean o f  t h e  b a n d s .  The 1 , 0 6 7  cm"^ v a l u e  seems
91
to o  h ig h  f o r  t h i s  compound.  Al th oug h  t h e  v a l u e  o f  
877 cm~^ 1s somewhat low,  i t  1s i n  b e t t e r  a g r e e m e n t  
w i t h  t h e  v a l u e . o f  940 cm~^ p r e d i c t e d  u s i n g  t h e  mean 
v a l u e  o f  bands  a s s i g n e d  t o  and (column 6 ) .
S i n c e  o n ly  two bands  o c c u r  1n t h e  i n f r a r e d  r e g i o n ,  
t h e r e  1s no p roblem 1n t h e  a s s i g n m e n t  o f  VJ. For v 3 , 
th e  two most  I n t e n s e  p e a k s  a t  2 0 , 5 0 0  cm"1 and 21 ,6 00
-1 4 . v
cm a r e  a s s i g n e d  t o  t h e  Tj g ( p ) s t a t e .
BAND ASSIGNMENTS OF SPIN ALLOWED TRANSITIONS FOR 
Co(Ac)2 *4H2 0
Components o f  ( L . T . )
v,  4 T, ( F) 4 T0 (F)  8 , 1 3 0  c m ' 1
8 , 3 3 0  cm 1
1 Ig 2g
v ,  4T. (F)  ■* 4 A0 (F)  most  11 k e l y  1 7 ,0 0 0  c m ' 1
2 *9 9 v a l u e  ,
p o s s i b l e  v a l u e  18 ,90 0  cm
Components o f
V, 4T, (F)  *  4T , „ ( P )  2 0 ,5 0 0  c m ' 1
>* 1 g 19 1
2 1 , 6 0 0  c m ' 1
TABLE X I I  Co { A c ) 2 * 4 H 2 0
1 2 3 4 5 6 7 8 9
Obs. Vj Obs.
3 V v i Dq/B v3/B Dq B v3/ v2 P re d .  v2 Remark
8330 18900 2 .2 7 1.21 2 4 . 3 941 777 1 .05 18000 LT
8330 19500 2 . 3 4 1 .16 24 .12 938 808 1 . 0 8 18055 LT
8330 20500 2 . 4 6 1 .065 23 . 03 948 890 1 .15 17826 LT
8330 21600 2 . 5 9 1 . 00 22 .4 964 964 1.21 18850 LT
8330 20500 2 . 4 6 1 .065 23 .0 3 948 890 1 .15 17826 LTM
8130 19500 2 . 4 0 1.11 2 3 . 4 922 834 1 . 12 17411 LT
8130 20200 2 . 4 8 1.055 2 2 .9 931 882 1 .15 17565 LT
8130 20500 2 .52 1 .03 2 2 . 8 838 813 1 .17 17521 LT
8130 21600 2 .6 6 .95 2 2 .0 976 982 1 .24 17419 LT
8230 19500 2 . 3 7 1 .1 3 2 3 .5 938 830 1 .10 17727 LTM
8230 20200 2 .45 1.075 23.1 940 875 1 . 14 17719 LTM
8230 20500 2 . 4 9 1 .05 22 .9 940 895 1 .1 6 17672 LTM
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FIGURE XIV
Mull s p e c t r a  o f  Co(Ac)2 *4H20 a t  300°K. and 77°K.
CM"1* K - 3
7  8 <* 10 12 15 20  25
MULL Sf 'ECTRA O '  C o < A c ) / 4 C 00
36 5G 712 1114
A x  10 “3
GROUP IV Co(aca)^*2H20 and C o p y ^ a c a ) ^
C o ( a c a ) 2 ’ 2H20
When t h e  mos t  I n t e n s e  band In t h e  I n f r a r e d ,  a t  
9 ,5 2 0  cm"1 , 1s used  w i t h  t h e  t h r e e  main peaks  1n t h e  
v i s i b l e  a t  20,2.00 cm \  21 ,000 cm"1 , and 2 1 ,4 0 0  cm"1 
t o  p r e d i c t  a t  low t e m p e r a t u r e ,  v a l u e s  o f  2 0 , 1 8 9  
cm \  2 0 ,2 9 0  cm 1 and 2 0 , 2 0 0  c m ' 1 a r e  f o u n d .  When 
t h e  l o w e r  e n e r g y  I n f r a r e d  band a t  8 ,4 0 0  cm"1 1s 
employed w i t h  t h e  same bands  in  t h e  v i s i b l e  r e g i o n ,
t h e  v a l u e s  o f  v 2 a r e  p r e d i c t e d  t o  be 17 ,95 5  cm"1 ,
-1 -1 17 ,872  cm and 17 ,983  cm . A s h o u l d e r  1s found
a t  18 ,500  cm 1 .
Using t h e  mean o f  t h e  i n f r a r e d  bands  to  p r e d i c t
Vg r e s u l t s  1n v a l u e s  o f  19 ,279  cm"1 , 19 ,266  cm"1 and
1 9 , 057  cm"1 . A s t r o n g  s h o u l d e r  1s o b s e r v e d  a t  19 ,10 0
cm"1 and i s  t h e r e f o r e  a s s i g n e d  t o  t h e  v 2 t r a n s i t i o n .
BAND ASSIGNMENTS OF SPIN ALLOWED TRANSITIONS FOR 
C o ( a c a ) 2 *2H20
Components o f  ( L . T . )
V ,  V„(F) *  (F> 8 , 4 0 0  cm '1
ig zg .j
9 , 5 2 0  cm
v 2 4 Tl g (F)  *  \  (F)  19 ,100  c m ' 1
94
9 5
P o s s i b l e  components  o f  ( L . T . )
V ,  T. (F)  * T . ( P )  2 0 . 2 0 0  cm"'3 lg  Ig .
2 1 , 0 0 0  cm’ 1 
2 1 ,4 0 0  cm’ ^
The v a l u e s  o f  Dq as c a l c u l a t e d  by t h e  method  o f  
column 6 ,  u s i n g  t h e  mean o f  t h e  I n f r a r e d  bands  and t h e  
t h r e e  bands  a s s i g n e d  t o  a r e  1 , 0 2 0  cm \  1 ,0 1 9  cm  ̂
and 1 , 0 1 8  cm” ^ . A v a l u e  o f  1 , 0 1 4  cm  ̂ i s  f ou nd  f o r  Dq 
1n column 11 when t h e  a v e r a g e  o f  t h e  two I n f r a r e d  
bands  and t h e  s h o u l d e r  a s s i g n e d  t o  a r e  used  f o r  
t h e  c a l c u l a t i o n .
TABLE X I I I  C o ( a c a ) 2 * 2 H 2 0
8
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Dq Remarks Room Temp. Bands:  16 ,300  cm , 18 ,500  cm-1
19 ,600  cm \  2 0 ,7 00  cm” 1 
Low Temp. Bands:  8 ,260  cm \  8 ,4 00  cm 1 , 9 , 52 0
cm- 1 , 16 ,500  cm*1 S l i g h t  S h . ,  18 ,500  cm*1 S h . ,  
19 ,100  cm*1 S h . ,  2 0 ,2 00  cm*1 , 21 ,000  cm- 1 ,
2 1 ,4 0 0  cm-1
F I G U R E  XV
Mull s p e c t r a  o f  C o ( a c a ) 2 *2H2G a t  300°K. and 77°K.
CM"1* 10-3
7  8  9  1 0  1 2  1 5  2 0  2 5
MULL SPECTRA OF C o ( a c « ) y 2 H 00
4 36 58 791012 111315
Ax 10-3
C o p y 2 ( a c a ) 2
By t e n t a t i v e l y  a s s i g n i n g  v a r i o u s  bands  t o  t h e  
and v^ t r a n s i t i o n s ,  a l m o s t  any one o f  t h e  s h a r p  
s h o u l d e r s  1 9 , 800  c m " \  2 0 , 5 0 0  cm- * and 2 1 ,8 0 0  cm- * 
c o u l d  be a s s i g n e d  t o  v 2 as can be s e en  by l o o k i n g  a t  
t h e  c h a r t  accompanying t h e  s p e c t r u m  f o r  Copy2 ( a c a ) 2 .
As w i l l  be shown 1n a l a t e r  d i s c u s s i o n  o f  Ds and Dt ,  
t h e  s p l i t t i n g  o f  t h e  t r a n s i t i o n  due t o  l o w e r i n g  o f  
t h e  symmetry to  D^h 1s p r e d i c t e d  t o  be s l i g h t  f o r  two 
l i g a n d s  such as p y r i d i n e  and t h e  a c e t y l a c e t o n a t e  io n  
which a r e  v e r y  n e a r  one a n o t h e r  1n t h e  s p e c t r o c h e m l c a l  
s e r i e s .  The mos t  i n t e n s e  I n f r a r e d  peak i s  a t  10 ,700  
cm- 1 . The s l i g h t  s h o u l d e r  a t  10 , 300  cm * 1s t h e  o n ly  
band c l o s e  t o  t h i s  1n e n e r g y .  T h e r e f o r e  t h e s e  two 
bands a r e  a s s i g n e d  t o  t h e  v 2 t r a n s i t i o n .  Using t h e
a v e r a g e  v a l u e  o f  t h e s e  b a n d s ,  2 0 ,5 0 0  cm- * , w i t h  t h e
-1 -1 t h r e e  s t r o n g  s h o u l d e r s  a t  1 9 , 800  cm , 2 0 ,5 0 0  cm and
-1 -12 1 . 800  cm t o  p r e d i c t  v 2 , v a l u e s  o f  2 2 ,5 0 0  cm ,
-1 -12 1 .8 0 0  cm and 2 2 ,5 05  cm a r e  p r e d i c t e d .  Using t h e
a v e r a g e  o f  t h e  two bands  a t  19 ,80 0  cm * and 2 0 , 5 0 0  
cm- * ,  a v a l u e  o f  2 2 ,1 40  cm” * 1s p r e d i c t e d  f o r  v 2 . Al l  
t h e s e  v a l u e s  a g r e e  w e l l  w i t h  t h e  s h a r p  s h o u l d e r  a t
2 1 .8 0 0  cm . I f  e i t h e r  o f  t h e  o t h e r  two bands  a t
9 9
19 , 800  cm o r  2 0 ,5 0 0  cm"^ were  a s s i g n e d  t o  » t h e  
Dq v a l u e  as c a l c u l a t e d  by t h e  method o f  column 11 would 
be to o  low f o r  a c o b a l t ( I l )  compound w i t h  l i g a n d s  as 
s t r o n g  as a r e  p r e s e n t  1n t h i s  compound.  The bands  
a s s i g n e d  t o  v<j, v2 » and p r e d i c t  Dq v a l u e s  o f  1 ,1 6 8  
cm~^ by t h e  method o f  column 6 and 1 ,130  cm* by t h e  
method  o f  column 11.
BAND ASSIGNMENTS OF SPIN ALLOWED TRANSITIONS FOR 
Copy2 ( a c a ) 2
Components o f  ( L . T . )
V ,  4 Tl g ( F )  -  4 T2 <F) 1 0 , 3 0 0 c m ' 1
1 0 , 7 0 0  c m ' 1
v 2 4 Tl g ( F )  *  4 A2 g t F > 2 1 , 8 0 0 c m ' 1
Components o f
v 3 4 Tl g {F)  -  4 T , g ( P )  2 0 , 5 0 0  c m ' 1
1 9 , 8 0 0  cm
T AB L E  X I V
1 2
























/ v l Dq/B v3/B
88 1 .67 2 8 . 4
95 1.565 2 8 . 3
08 1 . 40 25 .9
91 1 . 63 2 8 .0
01 1 .49 2 6 . 75
92 1.61 2 7 . 8
845 1.745 2 9 .0
92 1.61 2 7 . 8
99 1 .5 6 2 7 . 3
12 1 .3 6 25 .5
78 1 . 88 30 .2
85 1 . 73 2 8 .9
915 1.615 27 .9
04 1.45 2 6 .3
98 1 .525 2 7 .0
07 1.41 2 6 .0
14 1 .34 25 .4
28 1 .205 24 .2
12 1.35 25 .4
19 1 .285 24 .9
33 1 .165 2 3 . 8

























3/ v 2 P re d .  v
0 . 8 8 22500
0 . 94 21800
0 . 9 7 22505
0 .8 9 22584
0 .9 5 22462
0.91 22140
0 .8 7 21830
0.91 21760
0 . 9 3 22050
1 .00 21800
0 .8 4 22620
0 . 8 8 22500
0.91 22520
0 .9 6 22710
0 .9 4 20210
0 . 9 8 20210
1 . 0 0 20500
1 .06 20580
1 .00 19800
1 . 03 19910




























Dq Remarks Room Temp. Bands:  16 ,200 cm"1 , 18 ,600  cm
10500 21800 1130 LTM 19 ,400  cm’ 1 , 2 0 ,0 0 0  c m ' 1 , 21 , 100  cm’ 1
10500 20500 1000 LTM
Low Temp. Bands:  8 ,2 0 0  cm \  8 ,4 0 0  cm \10500 19800 930 LTM
8,850  cm"1 , 10 ,300  cm"1 , 10 ,700  c m ' 1 , 
16 ,100  cm’ 1 , 19,000 cm- 1 , 19 ,800 cm"1 , 
2 0 ,5 0 0  cm"1 , 21 ,800  cm
1 0 2
FIGURE XVI






MULL SPECTUA O F  C o p y ^ a c a ) ^
a- 300 K 
S'77°K
 I_____ I_____ 1_____ L
15 11 13 12 11
J ______ i _ _ L
13  9  3
Ax 10'3
GROUP V C o(qu1n)2 (N03 ) 2 and Co( 1 s o q ) 2 ( NO3 ) 2 
Co(qu1n)2 (N03 ) 2
Using t h e  i n f r a r e d  band a t  9 , 1 7 0  c m ' 1 in 
c o n j u n c t i o n  w i t h  t h e  s t r o n g  pea k  a t  18 ,700  cm-1 and 
I t s  b l u e  s h o u l d e r  a t  2 0 , 3 0 0  c m ' 1 , t h e  v2 band 1s 
p r e d i c t e d  t o  be a t  19 ,680  c m ' 1 and 19 ,70 0  c m ' 1 , 
r e s p e c t i v e l y ,  f o r  t h e  room t e m p e r a t u r e  s p e c t r u m .
Using t h e  mean o f  t h e s e  two v i s i b l e  bands  p l a c e s  v 
a t  19 ,690  cm' . These p r e d i c t i o n s  p l a c e  t h e  v 2 band 
In t h e  en e rg y  rang e  o f  t h e  o b s e r v e d  bands o f  t h e  main 
peak .  The peak  a t  18 ,700  c m ' 1 i s  u n d o u b t e d l y  due t o  
t h e  v t r a n s i t i o n .  As w i l l  be e x p l a i n e d  in  t h e  
f o l l o w i n g  d i s c u s s i o n  o f  t h e  low t e m p e r a t u r e  s p e c t r u m ,  
t h e  s h o u l d e r  a t  2 0 ,3 0 0  cm*1 ( 2 0 , 2 0 0  cm"1 a t  low 
t e m p e r a t u r e )  i s  a s s i g n e d  to  a component  o f  t h e  v 
t r a n s i t 1 o n .
At low t e m p e r a t u r e ,  t h e  components  o f  a r e
w e l l  r e s o l v e d  I n t o  two bands  a t  8 , 3 3 0  cm"1 and 9 , 3 5 0
c m ' 1 . Using e i t h e r  o f  t h e s e  two bands o r  t h e i r  mean
v a l u e  a l ong  w i t h  e i t h e r  band a t  18 ,9 00  c m ' 1 o r  2 0 ,2 0 0
cm” 1 o r  t h e  mean o f  t h e s e  two ,  p r e d i c t s  vg  t o  ran ge
from 17,950  c m ' 1 t o  2 0 ,2 0 0  c m '1 . I t  1s p o s s i b l e  t h a t
th e  s h o u l d e r  a t  2 0 ,2 0 0  c m ' 1 c o r r e s p o n d s  t o  t h e  v2
t r a n s i t i o n .  However 1 t  a l s o  seems r e a s o n a b l e  t h a t  t h e
v 2 band 1s u n r e s o l v e d  due t o  I t s  low I n t e n s i t y  and t h e
103
104
f a c t  t h a t  I t s  en e rg y  1s p r e d i c t e d  t o  be v e r y  c l o s e  t o  
t h a t  o f  t h e  I n t e n s e  v t r a n s i t i o n .  With two l i g a n d s  
such  as n i t r a t e  1on and q u i n o l i n e  t h a t  d i f f e r  g r e a t l y  
1n l i g a n d  f i e l d  s t r e n g t h ,  s t r o n g  s p l i t t i n g  o f  t h e  
band s h o u l d  be o b s e r v e d .  The bands  a t  2 0 ,2 0 0  cm**1 and
18 ,90 0  cm” 1 a r e  t h e r e f o r e  a s s i g n e d  t o  t h e  t r a n s i t i o n .
A band o c c u r s  a t  1 5 ,8 0 0  cm” 1 1n t h e  low t e m p e r a t u r e  
s p e c t r u m  o f  t h e  compound. I t s  e n e r g y  1s to o  low t o  be 
a s s i g n e d  t o  t h e  t r a n s i t i o n .  A s s i g n i n g  t h i s  low 
e n e r g y  band to  r e s u l t s  1n a Oq v a l u e  f o r  t h e  compound 
o f  696 cm” 1 u s i n g  th e  method o f  column 11.  Thi s  
compares  u n f a v o r a b l y  w i t h  t h e  v a l u e  o f  995 cm’ .̂  which 
i s  c a l c u l a t e d  f o r  Dq by t h e  method o f  column 6.  Th i s  
band 1s t h e r e f o r e  a s s i g n e d  t o  a s p i n  f o r b i d d e n  t r a n s i t i o n .  
However 1 t  s h o u l d  be n o t e d  t h a t  t h i s  peak i s  more 
I n t e n s e  t h a n  peaks  found a t  s i m i l a r  e n e r g i e s  f o r  o t h e r  
compounds s t u d i e d ,  and 1 t  has  g r e a t e r  I n t e n s i t y  t h a n  
would be e x p e c t e d  f o r  a s p i n  f o r b i d d e n  t r a n s i t i o n .
S i n c e  no band 1s a s s i g n e d  f o r  t h i s  compound,  t h e  
v a l u e  o f  Dq by t h e  method o f  column 11 c a n n o t  be c a l c u ­
l a t e d .  The method  o f  column 6 ,  u s i n g  t h e  mean o f  t h e  
v i s i b l e  bands  a s s i g n e d  t o  v and t h e  I n f r a r e d  b a n d ,
105
p r e d i c t s  a Dq v a l u e  o f  1 , 0 3 4  cm"1 f o r  t h i s  compound 
a t  room t e m p e r a t u r e .  At low t e m p e r a t u r e ,  a Dq v a l u e  
o f  995 cm"1 I s  c a l c u l a t e d  u s i n g  mean v a l u e s  f o r  b o th  
v-| and
BAND ASSIGNMENTS OF SPIN ALLOWED TRANSITIONS FOR 
Co (qu1 n)2 (N03 ) 2
Components o f  ( R . T . )  ( L . T . )
V1 4 t i 9 <F) ■** 4 l 2 g (F)  9 , 1 7 0  CB" 1 8 , 3 3 0  C" " 1
9 ,3 5 0  c m ' 1
v2 *Tl g ^  4 ̂ 2 g ̂  F ̂  U n re s o l v e d
Components o f
** 4 T, (F)  -  4T, (P)  1 8 , 700  c m '1 18,900. cm"13 >9 ig , .
2 0 ,3 0 0  cm'* 2 0 ,2 0 0  e r a ' 1
1 2 3 4
Obs . Vj Obs. v 3/ v l Dq/B
9170 18700 2 . 0 4 1.46
9170 20300 2.21 1 .26
9170 19500 2 . 1 2 1 .35
8330 18900 2 . 2 7 1.21
8330 20200 2 . 4 2 1 .10
8330 19550 2 . 3 4 1.16
9350 18900 2 .0 2 1 .49
9350 20200 2 .1 6 1.31
9350 19550 2 . 0 9 1 .3 9
8840 18900 2 . 1 4 1 .3 4
8840 20200 2 . 2 8 1.21
8840 19550 2.21 1 . 26
10 11
Obs.  v.j Obs. Dq Remarks
9170 15100 593 RT
8330 15800 747 LT
9350 15800 645 LT
8840 15800 696 LTM
9350 20200 1085 LT
XV C o ( q u i n ) 2 (N03 ) 2
5 6 7 8 9
v3/B Dq B w3/ v 2 P re d .
Remark
2 6 .4 0 1034 708 0 . 9 5 19680 RT
24.75 1033 820 1 .0 3 19700 RT
25. 50 1032 765 0 .9 9 19690 RTM
24 .3 0 941 777 1 .05 18000 *LT
2 3. 30 953 867 1 .125 17950 ' LT
24 . 12 940 810 1 .0 8 18100 LTM
26. 65 1053 709 0 .9 4 20100 LT
25. 10 1054 805 1 .00 20200 LT
25. 80 1053 758 0 .9 7 5 20050 LTM
2 3 . 3 8 998 745 0 .9 9 5 18990 LTM
2 4. 30 1006 831 1 .05 19240 LTM
24.75 995 790 1 .0 3 18980 LTMM
Room Temp. Bands: 9 ,1 7 0  cm" 1 , 15 ,100  cm-1 Bri
Sh . ,  18 ,700  cm"1 , 2 0 ,3 00  cm"1 , 2 4 ,4 0 0 cm"1
Low Temp. Bands : 8 ,330 cm-1 , 9 , 3 5 0  cm"
1
*
15 ,800 cm"1 , 18,900  cm"1 , 2 0 , 2 0 0  cm"1 , 22,71
cm 2 3 ,5 00 -1cm , 2 4 ,4 0 0 cm” 1 , 2 6 ,0 0 0  cm"1
106
F I G U R E  X V I I
Mull s p e c t r a  o f  Co ( q u 1 n )2 (N03 ) 2 a t  300°K. and 77°K.
err1* i(j 3
7  8  9  10 12 15 20  25
MULL SPECl'HA OF C o ' v U A t i i O J ,
91 5 11 C 56712 4
A * 1 0  ^
1 0 8
C o ( 1 s o q )  (NO )
2 3 2
The s p e c t r u m  o f  C o ( 1s o q ) 2 ( NO3 ) ^ 1 s ,  a s  e x p e c t e d ,
v e r y  s i m i l a r  t o  t h a t  o f  C o ( q u 1 n ) 2 ( N0 3 ) 2 .  a n d  t h e  same
a r g u m e n t s  1n a s s i g n i n g  b a n d s  f o r  t h i s  c ompound  a r e
e m p l o y e d  a s  w e r e  u s e d  f o r  t h e  q u i n o l i n e  c o m p l e x .  The
I n f r a r e d  b a n d s  a r e  n o t  w e l l  r e s o l v e d  1n t h e  room
t e m p e r a t u r e  s p e c t r u m ,  h o w e v e r  t h e  t wo c o m p o n e n t s  a r e
c l e a r l y  d e f i n e d  a t  low t e m p e r a t u r e .  I t  1s a g a i n
a s s u m e d  t h a t  t h e  b a n d  1 s u n r e s o l v e d ,  a l t h o u g h  t h e
p o s s i b i l i t y  e x i s t s  t h a t  t h e  b l u e  s h o u l d e r  on t h e  m o s t
I n t e n s e  v i s i b l e  p e a k  a t  2 0 , 4 0 0  cm" 1 may be  due  t o  t h e
4
A„ t r a n s i t i o n .
p r e d i c t  Dq a t  low t e m p e r a t u r e  r e s u l t s  1n a v a l u e  o f
BAND ASSIGNMENTS OF SPIN ALLOWED TRANSITIONS FOR 
C o ( 1 s o q ) 2 ( N0 3 ) 2
Us i ng  t h e  mean o f  t h e  a s s i g n e d  a n d  b a n d  t o
1 , 0 2 9  cm* 1 ( c o l umn  6 ) .
Co mp o n e n t s  o f ( R ' . T . )
B r o a d  b a n d  1n r e g i o n 8 , 4 0 0  cm" 1 
9 , 7 1 0  cm* 1 
U n r e s o l v e d
( L . T . )
9 , 6 9 0  -  9 , 0 9 0  cm* 1 
U n r e s o l v e d
Co mp o n e n t s  o f
1 8 , 9 0 0  cm 1 9 , 2 0 0  cm* 1 
2 0 , 4 0 0  cm* 1
TA BLE
1 2


























2 . 4 6 1 . 0 6 5
2 . 0 8 1 . 4 0
2 . 2 8 1 . 2 0
2 . 4 3 1 . 0 8 8
2 . 3 6 1 . 1 4
1 . 9 8 1 . 5 3
2 . 1 0 1 . 3 8
2 . 0 4 1 . 4 6
2 . 1 2 1 . 3 5
2 . 2 5 1 . 2 3












XVI  C o ( i s o q ) 2 ( N 0 3 ) 2
5  6  7 8 9
v 3 / B Dq B v 3/ v 2 P r e d .  v 2 Remarks
2 3 . 0 0 875 822 1 . 1 5 16430 RT
2 5 . 9 0 1021 730 0 . 9 7 19480 RT
2 4 . 2 0 952 793 1 . 0 6 18110 LT
2 3 . 2 0 956 879 1 . 1 4 17890 LT
2 3 . 6 0 956 839 1 . 1 0 18000 LTM
2 7 . 0 0 1084 711 0 . 9 2 5 20750 LT
2 5 . 6 8 1092 794 0 . 9 8 2 0 8 1 0 LT
2 6 . 4 0 1095 750 0 . 9 5 2 0 8 4 0 LTM
2 5 . 5 0 1016 753 0 . 9 9 19400 LTM
2 4 . 4 0 1024 836 1 . 0 5 19430 LTM
2 5 . 0 0 1029 792 1 . 0 1 19600 LTMM
Room Temp.  B a n d s :  7 , 6 9 0 - 9 , 0 9 0  cm 1 B r o a d  B a n d ,
1 8 , 9 0 0  cm"1 , 2 4 , 1 0 0  cm’ 1 
Low Temp.  B a n d s :  8 , 4 0 0  cm 9 , 7 1 0  cm ^  1 5 , 4 0 0
c m ' 1 , 1 6 , 0 0 0  cm’ 1 , 1 9 , 2 0 0  cm’ 1 , 2 0 , 4 0 0  cm’ 1 , 
2 2 , 2 0 0  cm’ 1 , 2 4 , 0 0 0  cm’ 1 , 2 5 , 8 0 0  cm’ 1
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FIGURE XVII I
Mul l  s p e c t r a  o f  C o ( 1s o q ) 2 ( NO^ ) 2 a t  3 0 0° K.  a nd  77°K.
O H * 1 C > - 3
7 S 9  10 12 15 2 0  25
MULL SPECTRA OF Co(isc >2 ( N 0 3 );
a - 3 0 0 ° K 
b -  7 7 °  K
9 512 8 613 11 10 7
A x 1 ?  2
4 .  DISCUSSION OF Dq.  Ds AND Dt
When an o c t a h e d r a l  f i e l d  1s r e p l a c e d  by one  w i t h
syroros t ry ( t e t r a g o n a l  d i s t o r t i o n ) ,  a n o t h e r  p o t e n t i a l
t e r m  s i m i l a r  t o  V m u s t  be  a d d e d  t o  t h e  H a m i l t o n i a n  o fo
t h e  c a t i o n .  T h i s  t e t r a g o n a l  p o t e n t i a l  1 s a b b r e v i a t e d  
a s  V j ,  a n d  I t  i s  d e f i n e d  by t h e  f o l l o w i n g  e q u a t i o n :
VT ■ Z e [/? 7 7 5 ' r 2 / a 3 Y® + m F S  r* /i5 Y®]
A l l  t e r m s  h a v e  b e e n  p r e v i o u s l y  d e f i n e d  e x c e p t  Y° .
Y° * ( 5 / 8 ) 1 / 2 ( 2 . ) * 1 / 2 (3  c o s 2 e -  1)
T h i s  p o t e n t i a l  a c t s  on t h e  v a r i o u s  s t a t e s  a n d  i n  some
c a s e s  r e mo v e s  t h e  d e g e n e r a c y  o f  t h e  s t a t e  a n d  t h e r e f o r e
c h a n g e s  t h e  e n e r g y  o f  t h e  r e s u l t i n g  s t a t e s .  By
I n t e g r a t i n g  t h e  e x p r e s s l o n  / v  VTf  dx f o r  t h e  v a r i o u s
* a i a
s t a t e s ,  t h e  d i f f e r e n c e  1 n t h e  e n e r g y  o f  t h e  s t a t e  f r o m
I t s  p a r e n t  s t a t e  1 n t h e  o c t a h e d r a l  compound  1 s f o u n d .
When t h i s  i n t e g r a t i o n  i s  c a r r i e d  o u t  on t h e  t h r e e
d e g e n e r a t e  wave  f u n c t i o n s  o f  t h e  T ( F )  s t a t e ,  two
o f  t h e s e  a r e  f o u n d  t o  b e  d e g e n e r a t e  a n d  d i f f e r  1n
e n e r g y  f r o m t h e  ( F ) s t a t e  by - 7 D t .  The t h i r d  1s
f o u n d  t o  d i f f e r  by 7 / 4 D t .  The s y m m e t r y  l a b e l s  o f  t h e s e  




C a r r y i n g  ou t  t h e  I n t e g r a t i o n  on t he  t h r e e  d e g e n e r a t e
wave f u n c t i o n s  o f  t h e  ^ T ^ ( P )  s t a t e ,  a doub l y  d e g e n e r a t e
s t a t e  1s found  t o  d i f f e r  1n e n e r g y  from t h e  p a r e n t
s t a t e  by - 2 0 s  -  3 / 4 D t ,  and a n o n d e g e n e r a t e  s t a t e  1s
Zg
found t o  d i f f e r  by 40s - 2Dt .  The d e f i n i t i o n s  o f  Os and 
Ot a r e  I n d i c a t e d  1n t h e  e q u a t i o n s  b e l o w ^ .
Ds -  2 / 7 [ p j P  -  p*]
Dt -  2 / 2 1 [ p * y - Pf ]
4 4
where  p ■ z e r n/ a n+  ̂n
The s u p e r s c r i p t  xy I n d i c a t e s  t h a t  t h e  q u a n t i t i e s  a and 
r  a r e  me as ur ed  1n t h e  x - y  p l a n e ,  and t h e  s u p e r s c r i p t  z 
I n d i c a t e s  t h e s e  p a r a m e t e r s  c o r r e s p o n d  t o  t h e  a x i a l  
p o s i t i o n s .
These  s p l i t t i n g s  a l ong  w i t h  t h e  symmetry symbol s  
o f  t h e  r e s u l t i n g  s t a t e s  a r e  I n d i c a t e d  s c h e m a t i c a l l y  
1n F i g u r e  XIX.
The two bands 1n t h e  I n f r a r e d  which a r i s e  f rom t h e
4
T_ s t a t e  a r e  s e p a r a t e d  by 3 5 / 4 0 t  and t h e  two bands  1n
9 At h e  v i s i b l e  a r i s i n g  f rom t h e  T ^ ( P )  s t a t e  a r e  s e p a r a t e d
by 60s -  5 / 4 0 t .  T h e r e f o r e  Ot can be c a l c u l a t e d  f rom t h e
s e p a r a t i o n  o f  t h e  I n f r a r e d  band .  The v a l u e  o f  Os can
t h e n  be c a l c u l a t e d  by e q u a t i n g  t h e  s e p a r a t i o n  o f
25.  T. S .  P i p e r  and R.L.  C a r l i n ,  J .  Chem. P h y s . ,  
33 ,  1208 ( I 9 6 0 ) .
F I G U R E  X I X
S p l i t t i n g  o f  o c t a h e d r a l  s t a t e s  due t o  l o w e r i n g  t h e
symmet ry t o
E - 2 D s - 3 / 4 D t
9_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
/
/
\ ao +4Ds-2Dt  
\_ £ 3 _________________




\  4 E +7 / 4 Dt  
> 3____________
Axi a l  Compress i on  
N e g a t i v e  Ot 
Type I
~ 6 D s
+ 5 / 4 0 t
35 / 4Dt
A +4Ds - 20 t
J l __________________
\  4 E - 2 Ds - 3 / 4 D t  
V - J ___________________
+6 Os 
- 5 / 4 D t
E + 7 / 4 0 t  
_ 9 ____________
x X _ m
+35/ 4Dt
Axi a l  E l o n g a t i o n  
P o s i t i v e  Dt 
Type I I
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t h e  (P)  bands  In t h e  v i s i b l e  t o  60s -  5 / 4 Dt  and
9
s u b s t i t u t i n g  t h e  c a l c u l a t e d  v a l u e  o f  Ot i n t o  t h e  e q u a t i o n .
As can be s e en  f rom t h e  d e f i n i t i o n  o f  Os and Dt ,
an a x i a l  e l o n g a t i o n ,  wh i ch  i n c r e a s e s  t h e  v a l u e  o f  a ,
w i l l  r e s u l t  1n a n e g a t i v e  v a l u e  f o r  t h e s e  q u a n t i t i e s .
The o p p o s i t e  1s t r u e  f o r  an a x i a l  c o m p r e s s i o n .  S i m i l a r l y
I f  an o c t a h e d r a l  complex o f  t h e  t y p e  MYe has  two Y l i g a n d so
t r a n s  t o  one a n o t h e r  r e p l a c e d  by l i g a n d s  which  a r e  above 
X In t h e  s p e c t r o c h e m l c a l  s e r i e s ,  Os and Dt w i l l  be 
n e g a t i v e .  Th i s  1s t r u e  b e c a u s e  t h e  e f f e c t i v e  c h a r g e  o f  
t h e  l i g a n d s  on t h e  z a x i s  1s I n c r e a s e d .  The o p p o s i t e  1s 
t r u e  f o r  r e p l a c e m e n t  w i t h  l i g a n d s  t h a t  a r e  l o w e r  1n t h e  
s p e c t r o c h e m l c a l  s e r i e s .  As 1s I n d i c a t e d  1n F i g u r e  XIX 
a compound w i t h  n e g a t i v e  Dt 1s d e s i g n a t e d  as Type I and 
compounds w i t h  p o s i t i v e  Dt as Type I I .
Tab l e  XVI111 s t s  t h e  e x p e r i m e n t a l  v a l u e s  o f  Ds and 
Dt f o r  t h e  compounds t h a t  showed s p l i t t i n g  o f  t h e  
band a t  low t e m p e r a t u r e .  The compounds o f  g r oup  I I  a r e  . 
n o t  I n c l u d e d  s i n c e  t h e  s p e c t r a  o f  t h e s e  compounds 
I n d i c a t e  t h a t  t h e y  have  a symmet ry l o we r  t h a n  °4h*
Dq 1s d e f i n e d  as  Dq ■ l / 6p^y . Compar ing t h i s  w i t h  
t h e  d e f i n i t i o n  o f  Dt ,  1 t  1s e v i d e n t ,  as  has  been p o i n t e d
T A B L E  X V I I
VALUES OF  Ds  AND D t  AT 7 7 ° K
Compound Type
S e p a r a t i o n  o f  
Components o f  
v«j 1n cm"'
Ot
S e p a r a t i o n  o f  
Components ,  o f  
1n cm" 1
Ds
Co py 2 ( C13^)2 I 710 -81 600 -117
Copy2 ( Ac) 2 *2H2 0 I 500 -57 1200 -212
Co(Ac)2 *4H20 I I 200 +23 1100 +231
C o ( a c a ) 2 *2 H2 0 I I 1120 +128 ------ « * w «•
Copy2 ( a c a ) 2 I 400 -46 700 -126
Co{qu1n)2 (N03 ) 2 I 1020 -117 1300 -241






2 6o u t  by Wentwor th and P i p e r  » t h a t  Ot can be e x p r e s s e d  as 
Dt -  4 / 7 ( Oq - Dqz )
This  I n d i c a t e s  t h a t  a d e t e r m i n a t i o n  o f  Dt and Dq 
p e r m i t s  t h e  c a l c u l a t i o n  o f  Dqz , a p a r a m e t e r  which 
me as u r e s  l i g a n d  f i e l d  s t r e n g t h  o f  t h e  a x i a l  g r o u p s .
XVIII  l i s t s  t h e  v a l u e s  o f  Dqz as c a l c u l a t e d  1n t h i s  
manner .  These  v a l u e s  a r e  l i s t e d  1n t h e  column l a b e l e d  
Dq ( e x p . ) .  S i n c e  In some c a s e s  v a l u e s  o f  Dq were found 
to  d i f f e r  somewhat  f o r  t h e  same compound when c a l c u l a t e d  
by t h e  two d i f f e r e n t  m e t h o d s ,  Dqz has been c a l c u l a t e d  
u s i n g  t h e  Dq v a l u e  o f  bo t h  me t hods .  Where o n l y  one 
Dq2 v a l u e  1s l i s t e d ,  t h e  a s s i g n m e n t  o f  was u n c e r t a i n ,  
and t h e r e f o r e  no Dq v a l u e  was found by t h e  s econd  method.  
The e x p e r i m e n t a l  Dq v a l u e s  a r e  l i s t e d  1n t h e  column 
l a b e l e d  D q ( e x p . ) .  Where two v a l u e s  a r e  l i s t e d  f o r  Dq, 
t h e  uppe r mos t  o f  t h e  two 1s t h e  one c a l c u l a t e d  by t h e  
method o f  column 6 ,  t h e  l o we r  1s t h e  v a l u e  c a l c u l a t e d  
by t h e  method o f  column 11.
The r e  a r e  two o t h e r  columns 1n Ta b l e  XVI I I ,  one 
l a b e l e d  P r e d .  Dqxy and one  l a b e l e d  P r e d .  Dq2 . These 
a r e  v a l u e s  o f  Dq which a r e  p r e d i c t e d  by t h e  e m p i r i c a l
26.  R.A.D.  Wentworth and T . S .  P i p e r ,  I n o r g .  Chem. , 
4 ,  709 ( 1 9 6 5 ) .
1 ABLE X V I I I
OB S E R VE D AND P R E D I C T E D  VALUES OF  O q x y  AND O q Z
Compound Pr e d .  DqX̂ Exp.  Dqxy Dt Pr ed .  Dq2 Exp. Dq






Copy2 ( C l 2A)2 1163
Copy2 ( C l 3A)2 ------ - 8 1 . 1 1163 1125












Copy2 ( Ac) 2 *2H20
Co(Ac ) 2 *4H20
Co ( a c a ) 2 *2H2 0
Copy2 ( a c a ) 2







+2 2 . 8
+128. 0
- 4 5 . 7














C o ( i s o q ) 2 (N03 ) 2 744-837#
# U n i d e n t a t e
1029 
val  ue
- 1 4 9 . 7
-4
1291
* Mean o f  v a l u e s  p r e d i c t e d  f o r  Co(Ac) ,  and Co{H„0),
6 2 o
* Dq va l ue  f o r  u n i d e n t a t e  n i t r a t e  Ion s h o u l d  be in t h i s  
r ange  ( s e e  t e x t )
1 1 8
2 7method o f  J o r g e n s e n  . J o r g e n s e n  a s s i g n e d  g f a c t o r s  t o  
mos t  o f  t h e  t r a n s i t i o n  m e t a l - 1 o n s  and f  f a c t o r s  t o  a 
number  o f  l i g a n d s .  The p r o d u c t  f*g g i v e s ,  1n u n i t s  o f  
cm’ ^*102 , t h e  ma g n i t u d e  o f  Dq e x p e c t e d  f o r  t h e  
p a r t i c u l a r  o c t a h e d r a l  compound.  The f  f a c t o r  f o r  C o ( I I )
1s 9 . 3 .  The g f a c t o r s  f o r  s e v e r a l  o f  t h e  l i g a n d s  o f  
i n t e r e s t  h e r e  a r e  l i s t e d  be l ow.
Ac’ ( u n i d e n t a t e )  -  0 . 96
h2 o -  1 . 0 0
py - 1 . 25  
a c a '  - 1 . 2  
Cl "  - 0 . 8 0  
F" - 0 . 9 0
The p r e d i c t e d  v a l u e  o f  Dq f o r  t h e  complex 1on 
2 +Copy 1s t h e r e f o r e  c a l c u l a t e d  as shown 1n t h e  f o l l o w i n g  
6
e q u a t i o n :
° W +  ■ 9 - 3  • 1 . 2 5  • 1 0 2
6
■ 1 , 1 6 3  cm"^
S i n c e  Dq i s  d e p e n d e n t  o n l y  upon t h e  l i g a n d s  1n t h e
x - y  p l a n e ,  t h e  v a l u e s  o f  Dq f o r  an o c t a h e d r a l  compound
o f  t h e  t y p e  CoX, s h o u l d  be s i m i l a r  t o  t h e  t e t r a g o n a lo
CoX^Yg compound.
27 .  C.K.  J o r g e n s e n ,  D i s c .  Fa r a d a y  S o c . , 26 ,  110 
( 1 9 5 8 ) .     —
1 1 9
The column l a b e l e d  P r e d .  Dqz l i s t s  t h e  v a l u e s  o f  
Dq which a r e  p r e d i c t e d  by t h e  method o f  J o r g e n s e n  f o r  
t h e  o c t a h e d r a l  c o b a l t  compound c o n t a i n i n g  t h e  s i x  a x i a l  
l i g a n d s .  Compar i son o f  t h i s  column wi t h  t h e  column 
l i s t i n g  t h e  e x p e r i m e n t a l  v a l u e  o f  Dqz shows t h a t  w i t h  
t h e  e x c e p t i o n  o f  C o ( a c a ) 2 *2H2Q t h e  l i g a n d  f i e l d  s t r e n g t h  
o f  t h e  a x i a l  l i g a n d s  1s w i t h i n  7% o f  t h a t  p r e d i c t e d  f o r  
t h e  o c t a h e d r a l  compound composed o f  t h e  a x i a l  l i g a n d s  
and c o b a l t ( I I ) .
For  C o ( a c a ) ^ * 2 ^ 0 ,  b o t h  t h e  e x p e r i m e n t a l  Dqxy and 
e x p e r i m e n t a l  Dqz a r e  c o n s i d e r a b l y  l ower  t h a n  J o r g e n s e n ' s  
s i m p l e  method p r e d i c t s .
o o
Rowley and Drago have p o i n t e d  ou t  t h a t  t h e  Dqxy 
and Dqz v a l u e s  o f  l i g a n d s  t owar d  N1( I1)  a r e  n o t  as a 
r u l e  t r a n s f e r a b l e  f rom compound t o  compound.  They 
found t h a t  f o r  a s e r i e s  o f  f o u r  t e t r a g o n a l  n l c k e l ( I I )  
compounds w i t h  Cl* as t h e  a x i a l  l i g a n d ,  t h e  v a l u e  o f  
Dqz v a r i e d  from 5 t o  41% o f  t h e  v a l u e  p r e d i c t e d  by 
J o r g e n s e n ' s  me t hod .
The e v i d e n c e  o f  t h i s  s t u d y  would l i k e w i s e  l e a d  
to  t h e  c o n c l u s i o n  t h a t  f o r  Co( I I ) t h e  v a l u e s  o f  Dq
28.  D.A. Rowley and R.S.  Drago.  I n o r q .  Chem. . 
7 .  795 ( 1 9 6 8 ) .
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c h a r a c t e r i s t i c  o f  a g i v e n  l i g a n d  a r e  n o t  t r a n s f e r a b l e  
from compound t o  compound,  t hough  t h e  d i f f e r e n c e s  a r e  
n o t  so g r e a t  as  t h o s e  f o r  N 1 ( 1 I ) .  The e x p e r i m e n t a l  v&lue 
o f  Dqxy f o r  Copy2 ( a c a ) 2 and Dqxy f o r  Co( aca ) *2H2 0 va r y  by 
o v e r  100 cm"^. L i k ewi s e  t h e  e x p e r i m e n t a l  v a l u e  o f  Dqz
f o r  Copy (Cl A) and Copy ( a c a )  va r y  by a p p r o x i m a t e l y
2 J 2 2 2
t h e  same amount .  The v a l u e  o f  Dqxy f o r  Co(qu1n)  (NO )
2 3 2
and Co(1soq)  (NO ) a l s o  va r y  somewhat ,  a l t h o u g h  by
2 J  2
o n l y  34 cm’ ^.
I t  1s I n t e r e s t i n g  t o  n o t e  t h a t  when t h e  a c e t a t e
1on and t h e  n i t r a t e  1on a c t  as b l d e n t a t e  l i g a n d s ,  t h e i r
l i g a n d  s t r e n g t h  1s c o n s i d e r a b l y  I n c r e a s e d  f rom t h a t  o f
t h e  u n l d e n t a t e  l i g a n d .  The Dq v a l u e  p r e d i c t e d  f o r  t h e
a c e t a t e  1on and c o b a l t ( I I )  i s  893 cm~^. The v a l u e
found 1n t h e  complex Copy2 ( Ac ) 2 1s a p p r o x i m a t e l y  150
cm~^ h i g h e r .  Al t hough a g v a l u e  c o u l d  no t  be found f o r
t h e  n i t r a t e  1on ,  i t  f a l l s  be t ween  Cl~ and F~ 1n t h e
s p e c t r o c h e m l c a l  s e r i e s ,  g f a c t o r s  f o r  bo t h  o f  t h e s e
I ons  were  l i s t e d  p r e v i o u s l y .  The Dq v a l u e  o f  u n l d e n t a t e
n i t r a t e  s h o u l d  be 1n t h e  r e g i o n  o f  744 -  837 cm“ ^ , which
• 4 -4a r e  t h e  v a l u e s  of  Oq as  p r e d i c t e d  f o r  CoCl and CoF ,
o 6
r e s p e c t i v e l y .  The v a l u e  o f  Dq f o r  Co ( qu1n) 2 (N03 ) 2 was 
found  t o  be 995 cm‘ \  and t h a t  f o r  Co(1soq)  (NO ) was
2 w b
found t o  be 1 , 029  cm~^.
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The r e l a t i v e  o r d e r  o f  t h e  Dqz v a l u e s  f o r  
Co( qu1n) 9 (N0. )  and C o ( l s o q )  (NO ) I s  t h a t  which
b v  £  2 *  2
would be e x p e c t e d  when s t e r l c  e f f e c t s  a r e  c o n s i d e r e d .
The s t r u c t u r e  o f  t h e s e  two l i g a n d s  I s  shown be l ow.
q u i n o l i n e  1soqu1no11ne
I s o q u i n o l i n e ,  due t o  t h e  p o s i t i o n  o f  t h e  c o o r d l n a -  
t i n g  n i t r o g e n  a t om,  would e n c o u n t e r  much l e s s  s t e r i c  
h i n d r a n c e  t h a n  q u i n o l i n e .  Thi s  a l l o w s  t h e  1 s o q u 1 n o l 1 n e  
t o  come 1n c l o s e r  p r o x i m i t y  t o  t h e  C o ( I I )  I o n ,  which 
t e n d s  t o  I n c r e a s e  t h e  v a l u e  o f  Dq, s i n c e ,  a ,  t h e  l i g a n d  
d i s t a n c e  1s d e c r e a s e d ,  a n d ,  z ,  t h e  e f f e c t i v e  c h a r g e  
i s  I n c r e a s e d .
The f a c t  t h a t  no s p l i t t i n g  1s found  1n t h e  
I n f r a r e d  bands  o f  Copy2 ( A c ) 2 » Copy2 ( Cl 2A)2 and 
Copy_ ( F A ) 1s somewhat  b a f f l i n g .  The o t h e r  compound
£ O £
o f  group  I ,  Copy2 ( C l 3A)2 , does  show a p r o n o u n c e d  s p l i t ­
t i n g .  The l a t t e r  compound has  t h e  l o w e s t  Dq v a l u e  o f  
t h e  group and 1s t h e r e f o r e  t h e  one f o r  which t h e
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g r e a t e s t  s e p a r a t i o n  o f  I n f r a r e d  bands  I s  p r e d i c t e d .  I t  
may be t h a t  l i q u i d  h e l i u m t e m p e r a t u r e  1s n e c e s s a r y  t o  
r e s o l v e  t h e  I n f r a r e d  bands  o f  t h e s e  t h r e e  compounds I n t o  
t h e i r  component  p a r t s .
I t  s h o u l d  be n o t e d  t h a t  t h e  I n t e r a c t i o n  be t ween
4 4t h e  E (F)  s t a t e  and t h e  E (P)  s t a t e  has  n o t  been
9 9
t a k e n  I n t o  a c c o u n t  1n t h e  t r e a t m e n t  o f  t h e  s p e c t r a
26 29o f  t h e  compounds s t u d i e d .  Most  a u t h o r s  * assume
I n t e r a c t i o n s  such  as t h i s  t o  be s m a l l .  However ,
28Rowley and Drago have p o i n t e d  o u t  t h a t  f o r  t e t r a g o n a l
n i c k e l ( I I )  complexes  t h e s e  i n t e r a c t i o n s  a r e  I m p o r t a n t .
The s i t u a t i o n  f o r  n i c k e l ( I I )  however  1s somewhat
d i f f e r e n t  t h a n  t h a t  f o r  Co( 1 1 ) .  Dt v a l u e s  f o r  n i c k e l *
( I I )  depend on t h e  s e p a r a t i o n  o f  an E (F)  and a
3 9
B_ (F)  s t a t e .  Lying above  t h e s e  two s t a t e s  a r e  two
3 9
E l e v e l s ,  one a r i s i n g  f rom an F t e r m and one from a
9 4
P t e r m.  C o b a l t ( I I )  has  t h r e e  E s t a t e s  1n a t e t r a g o n -
® 4
a l l y  d i s t o r t e d  compl ex .  One comes f rom t h e  T^ ( F )
ground  s t a t e ,  one f rom t h e  ^  (F) s t a t e ,  and one from
t h e  4T.  (P)  s t a t e .  The 4 E ( 4T_ ) s t a t e ,  whose p o s i t i o n  
>9 9 2g
d e t e r m i n e s  t h e  v a l u e  o f  Dt ,  l i e s  1n t h e  e n e r g y  r ange
29.  G. Br u b a k e r  and D. Bus ch ,  I n o r g .  Chem. ,  S,  
2114 ( 1 9 6 6 ) .  “
1 2 3
6 , 5 0 0  -  10 , 000  cm"^.  I t  1s s i t u a t e d  a t  a p p r o x i m a t e l y
t h e  m i d p o i n t  In ene r gy  o f  t h e  o t h e r  two 4 Eg s t a t e s .
S i n c e  t h e  4 E ( 4T.  ) s t a t e  would e x p e r i e n c e  some r e p u l s i o n  
g *g
from bo t h  t h e  o t h e r  4 E s t a t e s ,  t h e  4 E [*T ( F) ]  s t a t e
9 9 . 19-
t e n d i n g  t o  I n c r e a s e  I t s  e n e r g y ,  and t h e  4 E [ T ( P ) ]
9 1g
s t a t e  t e n d i n g  t o  d e c r e a s e  I t s  e n e r g y ,  t h e  o v e r a l l  e f f e c t
s h o u l d  be much l e s s  t ha n  t h a t  f o r  t h e  l o w e s t  E s t a t e
9
o f  N 1 ( I I ) .  T h e r e f o r e  Dt v a l u e s  c a l c u l a t e d  w i t h  o r  
w i t h o u t  c o n s i d e r i n g  r e p u l s i o n s  o f  l i k e  s t a t e s  s h o u l d  
be n e a r l y  t h e  same f o r  C o ( I I ) .
The p o s s i b i l i t y  e x i s t s  t h a t  t h e  s p l i t t i n g  o f  t h e  
bands  1n t h e  s p e c t r a  o f  t h e  compounds s t u d i e d  c o u l d  
be due t o  s p i n - o r b 1 t  c o u p l i n g  r a t h e r  t han  t e t r a g o n a l
4
d i s t o r t i o n .  P a p p a l a r d o  e t  a l . have s t u d i e d  t h i s  
phenomenon 1n c o b a l t  o x i d e  and c a l c u l a t e d  t h e  e f f e c t  
on t h e  c u b i c  f i e l d  t e r m s .  The s p l i t t i n g  o f  t h e  
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C 1s equa l  t o  3x ,  where  x 1s t h e  s p 1 n - o r b 1 t  
c o u p l i n g  c o n s t a n t  f o r  C o ( I I ) .  The v a l u e  o f  C. 1sD
d e t e r m i n e d  as shown In t h e  f o l l o w i n g  two e q u a t i o n s :
t a n  2© ■ -12B
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Cfa ■ c o s 2 © -  2 s l n 2 e -  2 s i n 2 ©
I f  t y p i c a l  v a l u e s  o f  B ■ 850 cm“ ^,  and Dq ■ 1 0 , 000  cm"^
a r e  used  t o  c a l c u l a t e  C^,  a v a l u e  o f  1 . 6 6  1s f ound .
The maximum s p l i t t i n g  o f  t h e  v .  t r a n s i t i o n  1s 2/3cC.  .
b
The maximum v a l u e  o f  x which 1s p o s s i b l e  f o r  C o ( I I )  I s  
180 c m ~ \  t h e  v a l u e  o f  t h i s  p a r a m e t e r  f o r  t h e  f r e e  1on.
4
The maximum s p l i t t i n g  o f  t h e  T ^ ( P )  s t a t e  t h a t  one 
would e x p e c t  f rom s p l n - o r b l t  c o u p l i n g  1s t h e r e f o r e  
2 / 3  * 3 x - 1 . 6 6  ■ 598 cm- ^.  The s p l i t t i n g  o b s e r v e d  f o r  t h e  
compounds s t u d i e d  g e n e r a l l y  e x c e e d ed  t h i s  maximum v a l u e  
by s e v e r a l  hundr ed  r e c i p r o c a l  c e n t i m e t e r s .
When s p 1 n - o r b 1 t  I n t e r a c t i o n s  a r e  s m a l l ,  as  1n t h e  
f i r s t  t r a n s i t i o n  s e r i e s ,  I n c l u s i o n  o f  t h e s e  e f f e c t s  1n 
t he  a n a l y s i s  o f  a b s o r p t i o n  s p e c t r a  1s w a r r a n t e d  on l y  
when 1 t  1s known t h a t  o t h e r  p e r t u r b a t i o n s  a r e  n o t  
p r e s e n t  o r  can be n e g l e c t e d .  Thi s  would be t h e  ca s e  
when o c t a h e d r a l  o r  n e a r l y  o c t a h e d r a l  s i t e  symmetry 1s 
known t o  e x i s t  o r  when t h e  l owe r  symmetry f i e l d  g i v e s  
r i s e  t o  s p l i t t i n g  which a r e  sma l l  compared t o  t h e  s p i n -  
o r b i t  e f f e c t s .  The f a c t  t h a t  bands  and s h o u l d e r s  1n
e x c e s s  o f  t h o s e  r e q u i r e d  by a t e t r a g o n a l  f i e l d  a r e  
f o u n d  I n  b o t h  t h e  I n f r a r e d  a n d  v i s i b l e  r e g i o n  may 
I n d i c a t e  t h a t  s p l n - o r b l t  c o u p l i n g  d o e s  p l a y  some 
p a r t  I n  t h e  c o m p o s i t i o n  o f  t h e  s p e c t r a .  The e f f e c t  
o f  s p l n - o r b l t  c o u p l i n g  1n t h e  c o mpounds  s t u d i e d  
h e r e  s h o u l d ,  h o w e v e r ,  b e  o f  s e c o n d a r y  I m p o r t a n c e  
when c o m p a r e d  w i t h  t h e  e f f e c t  o f  t h e  t e t r a g o n a l  
f i e l d  p r e s e n t .
E. CONCLUSIONS
The mul l  s p e c t r a  o f  a number  o f  t e t r a g o n a l  
c o b a l t ( I I )  compounds wer e  run a t  l i q u i d  n i t r o g e n  
t e m p e r a t u r e .  The v a l u e  o f  Dq, a measur e  o f  t h e  
s t r e n g t h  o f  t h e  l i g a n d s  1n t h e  x - y  p l a n e ,  was 
o b t a i n e d  f o r  each  compound by a n a l y s i s  o f  t h e s e  
s p e c t r a .  I t  was found  t h a t  t h e  n i t r a t e  1on and 
t h e  a c e t a t e  1on,  a c t i n g  as  b l d e n t a t e s ,  have l i g a n d  
s t r e n g t h s  c o n s i d e r a b l y  g r e a t e r  t h a n  t h e i r  u n l d e n ­
t a t e  s t r e n g t h s .
From a c o n s i d e r a t i o n  o f  Dq v a l u e s  o f  Copy^Ac^,
Copy ( F A )  and Copy (Cl A) , t h e  s p e c t r o c h e m l c a l
2 3 2 2 3 2
s e r i e s  f o r  t h e  l i g a n d s  1n t h e  x - y  p l a n e  was found 
t o  be Ac’ >F3A->Cl3A \  Thi s  d i f f e r s  f rom t h e  o r d e r  
found f o r  t h e s e  1ons when t h e y  a c t  as  u n l d e n t a t e  
l i g a n d s .  Kuroda and G e n t i l e ^  found t h e  u n l d e n t a t e
o r d e r  t o  be F*A“ >C1„A~>Ac f o r  t h e s e  l i g a n d s  in
■3 3
compounds o f  c o b a l t ( I I I ) .  The o r d e r  found f o r  t h e s e  
1ons a c t i n g  as b r i d g i n g  b l d e n t a t e s  p a r a l l e l s  t h e  
o r d e r  p r e d i c t e d  when s t e r l c  e f f e c t s  a r e  c o n s i d e r e d .
3%0. K. Kuroda and P . S .  G e n t i l e ,  J_;_ I n o r g .  N u c l . 
Chem. . 2 7 ,  155 ( 1 9 6 5 ) .
1 2 6
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The  a c e t a t e  I o n  1$ t h e  s m a l l e s t ,  a n d  t h e  t r l c h l o r o -  
a c e t a t e  1on 1s  t h e  l a r g e s t .  The  p o s i t i o n  o f  C12 A"
1n t h i s  s e r i e s  I s u n d e r t a l n  d u e  t o  t h e  f a c t  t h a t  
t h e  Dq v a l u e s  a s  c a l c u l a t e d  by  t h e  t wo  m e t h o d s  v a r i e s  
by 55 c m ~ ^ .
The  l ow t e m p e r a t u r e  s p e c t r a  a l s o  r e v e a l e d  
s p l i t t i n g  o f  t h e  I n f r a r e d  4 T2 g ( F )  h a n d  a n d  v i s i b l e  
T ^ g ( P )  b a n d  f o r  a  n u m b e r  o f  t h e  c o m p o u n d s .  From 
t h e  m a g n i t u d e  o f  t h e s e  s p l i t t i n g s ,  two a d d i t i o n a l  
p a r a m e t e r s ,  Ds a n d  D t ,  c a n  be  c a l c u l a t e d .  The v a l u e  
o f  Dt  1n t u r n  a l l o w s  t h e  c a l c u l a t i o n  o f  t h e  s t r e n g t h  
o f  t h e  l i g a n d s  1n t h e  a x i a l  p o s i t i o n .  The l i g a n d s  
a c t i n g  a s  u n l d e n t a t e s  i n  t h e  a x i a l  p o s i t i o n s  w e r e  
f o u n d  t o  h a v e  t h e  f o l l o w i n g  p o s i t i o n s  i n  t h e  s p e c t r o -  
c h e m i c a l  s e r i e s  when t h e  Dqz v a l u e s  w e r e  c o n s i d e r e d :  
1 s o q > q u 1 n > p y > A c ~ > H2 0 .
F. SUGGESTIONS FOR FURTHER WORK
As has  been s t a t e d ,  no s p l i t t i n g  o f  t h e  I n f r a r e d
A
T ^ F )  band was o b s e r v e d  f o r  t h e  t h r e e  compounds 
copy2 ( fr3A) 2 » c <>Py2 ( C l 2 A)2 and Copy2 ( A c ) 2 a t  l i q u i d  
n i t r o g e n  t e m p e r a t u r e .  I t  1s p o s s i b l e  t h a t  a l i q u i d  
h e l i u m  s p e c t r u m  o f  e a c h  compound would  show a s e p a r a ­
t i o n  o f  t h e  two component  pea ks  o f  t h i s  b r o a d  b and .
The e f f e c t  o f  a g r a d u a l  v a r i a t i o n  o f  t h e  l i g a n d  s t r e n g t h  
1n t h e  x - y  p l a n e  on t h e  l i g a n d  s t r e n g t h  o f  p y r i d i n e  1n 
t h e  a x i a l  p o s i t i o n s  c o u l d  t h e n  be a s c e r t a i n e d .
A n o t h e r  I n t e r e s t i n g  s t u d y  a l ong  t h e  s a m e - l i n e s  
c o u l d  be made by p r e p a r i n g  and o b t a i n i n g  t h e  low 
t e m p e r a t u r e  s p e c t r a  o f  a s e r i e s  o f  compounds t h a t  have  
t h e  same p i a n a r _ l i g a n d s  b u t  have  d i f f e r e n t  a x i a l  compo­
n e n t s .  The e f f e c t  o f  t h e  a x i a l  l i g a n d s  on t h e  p l a n a r  
l i g a n d s  c o u l d  t h e n  be o b t a i n e d  f o r  t h e  s e r i e s  by c o n s i ­
d e r i n g  t h e  Dq v a l u e s  o f  t h e  compounds .  I f  a new method 
o f  p r e p a r a t i o n  were  d e v i s e d  f o r  Copy^(Ac)2 , C o p y ^ t C l ^ A ^ ,
C o p y , ( C l _ A) .  and Copy (F_A) such  t h a t  t h e  t r a n s  i s o m e r s  
4 2 2 4 3 2
were  p r o d u c e d ,  an I d e a l  s y s t e m  woul d  be a v a i l a b l e  f o r  
such  a s t u d y .
1 2 8
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D a v i d  L e e  J o h n s o n  wa s  b o r n  on  A u g u s t  3 1 ,  1 9 3 8  I n  
M c P h e r s o n ,  K a n s a s .  He c o m p l e t e d  h i s  e l e m e n t a r y  a nd  
s e c o n d a r y  e d u c a t i o n  a t  t h e  p u b l i c  s c h o o l s  o f  t h a t  d t y .  
I n  1961 h e  r e c e i v e d  t h e  d e g r e e  o f  B a c h e l o r  o f  S c i e n c e  
1n c h e m i s t r y  f r o m  t h e  U n i v e r s i t y  o f  K a n s a s .  B e f o r e  
e n t e r i n g  g r a d u a t e  s c h o o l  a t  L o u i s i a n a  S t a t e  U n i v e r s i t y ,  
h e  m a r r i e d  t h e  f o r m e r  C o n n i e  J o  L i l l i a n ,  a n d  a t  t h e  
t i m e  o f  t h i s  w r i t i n g  t h e y  a r e  t h e  p r o u d  p a r e n t s  o f  a 
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S t a t e  U n i v e r s i t y  1n B a t o n  Rouge  a n d  I s  a c a n d i d a t e  f o r  
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